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Chapter 1 Introduction 
In many industrial products, fine particles arc often used being dispersed in various 
liquid media. Ink and paint arc well known examples. Magnetic fluids arc the suspensions 
of magnetic solid particles in non-aqueous media such as kerosene. Most friction modifiers 
consist of solid lubricant particles designed to be dispersed in motor oil. Since the stability 
of dispersion in such suspensions is the main factor affecting the products' quality , \'arious 
methods have been employed to prevent the coagulation of constituent fine particles. The 
stability of dispersion is also a major interest in many industrial processes. In dense media 
separation, for example, the suspension of magnetite particles arc used as dense media to 
separate light materials form heavy ones. The decrease of the stability of magnetite 
dispersion deteriorates the separation efficiency of the proccss(l). When the remo\'al of fine 
particles, on the contrary, is the objective of processes, such as water and wastewater 
treatment, the coagulation of particles is necessary to increase process efficiencyC2l. The 
mutual separation of particles, such as selective coagulation<3>, is based on a technique to 
coagulate particles of interest, keeping the other particles being dispersed. In this case, the 
control of coagulation is the key of the process. 
It is, therefore, important to understand the behavior of fine particles in liquid media, 
and it has been one of the major interests in colloid science to predict the stability of such 
suspensions. The first theoretical approach was made by two different research groups 
independently. Russian scientists, Deljaguin and Landau introduced the concept of disjoining 
pressure of liquid films between two solid surfaces in order to explain the coagulation of 
particles<4>. Disjoining pressure (n) is given by the algebraic sum of two pressure components 
from different origins: 
1 
(1. 1] 
where ITt is an electrostatic pressure component caused by the superposition of electric double 
layers extending from solid surface to liquid bulk phase, and IT4 is a London-van der Waals 
component originated in molecular interaction among the constituent molecules of the solid 
and the liquid medium. Each component is a function of surface separation. For symmetrical 
system ITt is generally repulsive decaying exponentially with separation distance, while 
attractive IT4 decays following a power law. At small and large distances, the power law of 
attraction dominates the exponential decay of repulsion, creating the primary and secondary 
minima, where IT is negative. At intermediate distances, the repulsion usually exceeds the 
attraction, which gives rise to a pressure barrier. The schematic diagram of disjoining 
pressure vs. surface separation (H) is shown in Fig. 1. l(a). When external pressure 
overcome the barrier, the film became unstable and finally ruptures to allow direct contact 
of solid surfaces, causing the coagulation of particles. 
At the same time, Dutch scientists Verwey and Overbeck published a similar concept 
of predicting the stability of colloidal dispersion'5>. Instead of using pressure, they introduced 
a total interaction energy (V,) between two particles, and assumed that the V, is expressed by 
the sum of two energy components, an electrostatic energy component (Ve) and a London-van 
der Waals energy component (V4). The origin of each energy component is the same as ITt 
and IT4, respectively. Then the equation becomes: 
[1. 2] 
Although the functional forms of Vt and V4 as to the separation distance of surfaces arc 
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Schematic diagrams of (a): disjoining pressure (TI) vs. distance (H) 
and (b): interaction energy (£1) vs. distance. 
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decays with a power law. Therefore, there is usually an energy barrier at intermediate surface 
separation as in the case of disjoining pressure (Fig. 1. l(b)). The driving force to overcome 
the barrier is then the kinetic energy of particles. When the kinetic energy exceeds the energy 
barrier, the particles can approach each other until they contact directly. Therefore the 
concepts of disjoining pressure (TI) and total interaction energy (~) is virtually the same. In 
fact, each corresponding component between equations [ l. 1] and [1. 2] can be related as 
follows: 
dVe 
- II dVd 
-rrd , = -- = 
dH e ' dH (1. 3] 
dVt 
-- = 
-II ' dH 
where H is the surface separation between two solids. 
For this reason, Dcrjaguin and Landau's treatment and Ver .vey and Overbeck's one are 
combined into one and called as "DLVO theory", taking each first letter from scientists' 
names. It was a remarkable success of the DLVO theory that it could theoretically explain 
the well known empirical Schultz-Hardy's rule on colloid's stability<5>. The validity of the 
DLVO theory was proved by later experimental researches. For example, the DLVO theory 
predicts the existence of the secondary minimum in potential-distance curve. A study on 
tungstic acid sol<6> confirmed the existence of a secondary minimum where the reversible 
coagulation of tungstic acid particles was observed. Not only colloidal particles, the theory 
was also applied to macroscopic bodies. Researches on the equilibrium thickness of soap 
films in the air<7> found that the thickness was close to that of predicted by the DLVO theory. 
It was also reported that the coalition of mercury droplets in aqueous electrolyte solution was 
able to be explained by the DLVO theory<8>. 
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Despite its time-honored success, the application of the DLVO theory has its 
limitations. The stability of lyophilic colloids cannot be described by the DLYO theory. It 
is believed that lyophilic colloids are stabilized by the solvation of their surfaces<9l. A 
polymer often forms a lyophilic colloid being dissolved in a suitable solvent. Ir also adsorbs 
onto lyophobic colloidal particles and changes their surfaces into lyophilic. In both cases the 
colloidal particles are stabilized by a steric repulsion originated in the superposition of 
polymer segments. The quantitative evaluation of steric repulsion and the incorporation of 
it with the DLVO theory have been conducted by many researchers(1°-14>. 
In addition to the polymer colloids, the DLYO theory still has difficulties to describe 
some colloidal systems. \Vhen water is the dielectric medium in which colloidal particles are 
suspended, the theory generally fails to predict the stabilities of very hydrophilic and very 
hydrophobic particle suspensions. Colloidal suspensions of hydrophilic particles such as silica 
show an anomalous stabiLity, and will not coagulate even when the surface potential of silica 
is very small<15>. On the contrary, hydrophobic particles such as methylated silica coagulate 
in spite of high surface potentials(16- 11). The flotation of mineral particles is another example. 
The process is based on the hetero-coagulation<18> between hydrophobized particles and 
hydrophobic air bubbles. This hetero-coagulation often occurs when both Ve and Vd between 
a bubble and a particle is repulsive<19>, and, therefore, V, becomes infinitely repulsive as the 
bubble and particle approach each other. In this case, a bubble-particle attachment is 
impossible according to the DLYO theory. 
Since the development of surface force apparatus<20>, it has been reported that 
interaction energies other than Ve and Vd exist for very hydrophobic surfaces and very 
hydrophilic surfaces. For the case of hydrophobic surfaces, Israelachvili and Pashley<21> were 
the first to directly measure the extraneous force on surfactant(CT AB)-coated mica surfaces. 
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They and other investigatorsC22-::!6) showed that the non-OLYO force was attractive and could 
be 10-100 times larger than the London-van der Waals force. This non-OLYO force is now 
referred to as hydrophobic force or hydrophobic attraction. Israelachvili and Pashley showed 
that hydrophobic force (F) varied exponentially in the 0-10 nm range: 
FIR = Cexp(- H/D0 ), [1. 4] 
in which R is the curvature of the mica surface, D0 , a parameter referred to as decay length, 
and C is the pre-exponential parameter. For very hydrophobic surfaces, whose advancing 
water conract angles (80 ) arc greater than 90°, however, the hydrophobic force can be best 
described by double exponential terms. At separation distances below approximately 10 nm, 
D0 is usually in the range of 1-2 nm<21l, while at longer distances it is as long as 10-16 nm<::!:-
24. 28) 
For hydrophilic surfaces, the existence of non-OLVO forces was recognized much 
earlier. Derjaguin and Zorin'29> and Pashley and Kitchenerr--o> measured the disjoining pressure 
at the quartz-water-air interface to be much larger than those due to the electrostatic and 
dispersion forces, both of which are repulsive. More recently, many investigators conducted 
surface force measurements with micaC31-34) and glassC3.5-37l and confirmed the existence of the 
repulsive non-DLVO force. It is a much shorter range force than the attractive hydrophobic 
force, D0 being in the range of0.6-1.1 nm for 1:1 electrolytes. This non-OLYO force is now 
referred to as hydration force or hydration repulsion. The hydration force is strongly 
dependent on the type and concentration of electrolytes present in solution. For the case of 
mica, the hydration force becomes stronger with the increasing electrolyte concentration. The 
hydration force also becomes stronger with the increasing hydration energy of the cations 
involved(29>·<34>, however, the concentration at which the hydration force becomes significant 
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increases with the increasing hydration energies of the cations<32-33>. PashleyP1> showed that 
the hydration force for mica immersed in various 1:1 electrolyte solutions is best described 
by a double exponential function, the first (D1) and the second (D2) decay lengths being in 
the range of 0.17-0.3 nm and 0.60-1.10 nm, respectively. The values of D2 arc 2.0 and 3.0 
nm, respectively, for electrolytes of divalent and trivalent cations, which arc more strongly 
hydrated than monovalent cations<JS>. 
One reason that the DLVO theory fails with very hydrophobic and hydrophilic particle 
suspensions is that the medium (water) separating the surfaces has been treated as a 
structureless continuum. This approach may be applicable at large separation distances. At 
short distances from the surface, however, the medium may have a discrete structure that may 
be significantly different from that of the bulk. Evidence for this is given by the oscillation 
of the repulsive hydration forces measured on mica surfaces<27.J9>. As has been noted by 
Derjaguin and Churaev<40>, the classical DLYO theory may be applicable only for those 
lyophobic colloids, for which the bulk property of the medium extends up to the surface of 
the particle. The non-DLYO forces can be generally referred to as the structural forces. For 
the colloids which exhibit the structural forces, one can write an extended form of the 
classical DLVO theory as follows: 
v, V+Vd + V , e s [1. 5] 
in which V: is the structural energy. For the lyophobic (partially wetting) colloids Vs may be 
considered to be zero. 
At present, there is no theoretical basis of determining V:, and it should be determined 
experimentally. Direct force measurement using the surface force apparatus<::!O) is the most 
exact method to evaluate the ~· However, it requires that the sample should be molecularly 
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smooth, very thin (a few !Jm), transparent and h;wing the same thickness for 1 em x 1 em 
square dimensions. This condition limits the possibility of materials for experimental 
samples. Therefore, most direct force measurements have been conducted using mica with 
only few exceptions, glass and fused silica. As to various oxide, sulfide and metal particles 
used in many industrial processes and products, it has not been found a method to apply the 
direct force measurement. It is, therefore, the objective of this study to present a method of 
estimating ~ for oxides in aqueous media with their coagulation experiment. As will be 
shown, oxides may be categorized into two groups, silica type which develops a primary 
hydration repulsion, and mica type which develops a secondary hydration repulsion. 
The second chapter of this article will deal with the primary hydration force observed 
with silica suspensionsC41 -<~2> and a concept of estimating the magnitude of hydration repulsion 
will be presented. The secondary hydration force with rutile suspensionsc43- 44> will be 
discussed in the third chapter. In the forth chapter, the secondary hydration force with stannic 
oxide suspensionsc<~s) will be discussed with the mechanism of primary and secondary 
hydration forces. The effect of alcohols and an alkyl amine salt on hydration force will be 
investigated in the fifth chapter, where a hydrophobic attraction caused by the adsorption of 
alkyl amine on oxide surfaces will also be discussedC46>. In the sixth chapter, the hydration 
forces with the hetero-coagulation between silica and stannic oxide will be discussed, and the 
effect of polymer to promote the selective coagulation will be reportedC47l. 
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Chapter 2 Primary hydration force with silica 
2. 1 Objective of research 
It is well known that silica exhibits exceptional stability. Allen and Matijcvic<J)showed 
that Ludox HS precipitated silica does not coagulate in acidic pH where the electrophoretic 
mobility is minimum. Even at alkaline pH where coagulation does occur, the electrolyte 
concentration required is significantly higher than predicted by the DLVO thcoryC2- 3>. The 
resistance to coagulation is not limited to the precipitated si lica, which has high concentrations 
of silanol groups. Harding<4> showed that anomalous stability is also exhibited by a pyrogenic 
silica with small particle diameters but not with large particles. Watillon and Gerard('> 
attributed the exceptional stability of silica suspensions to the presence of an immobilized 
surface water layer, perhaps one molecule deep. 
These findings point to the likelihood that silica is subjected to a repulsive hydration 
force not considered in the DLVO theory. The first direct evidence for the hydration force 
was given by Derjaguin and Zorin<6) in 1955, who measured the disjoining pressure at the 
glass-water-ai r interface as a function of the film thickness. The measured pressure was 
larger than the sum of the London-van der Waals and electrostatic components, both of which 
arc repulsive at the asymmetric interface. The excess pressure is now considered due to the 
hydration forcem. More recently, Pashley and l(jtchencr<8> showed that the disjoining pressure 
measured at the quartz-water-ai r interface is significantly larger than that calculated using 
Langmui r's equation of electrostatic intcraction<9- 10> and the non retarded Hamaker constant. 
They also showed that even the heat-dehydroxylated quartz exhibits considerable hydration 
force, which is in agreement with the surface force measurements conducted by Horn ct ai.<11> 
with fused silica. Further evidence for the existence of the repulsive hydration force was 
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given by Rabinovich et al.<12>, who measured significant hydration force with glass fibers. 
Interestingly, their investigations showed evidence that the hydration force decreases with 
increasing KCl concentration, which is contrary to the cases with mica(l3- 15>. 
In this chapter, turbidity measurement was conducted with aqueous suspensions of 
precipitated silica in order to confirm the existence of the hydration force, and the magnitude 
of it was evaluated, which has not been achieved even by the surface force measurements. 
The results will be discussed using the extended DLYO theory. 
2. 2 Model development 
2. 2. 1 Extended DLVO theory 
According to the constant potential model, the electrostatic energy (Ve) between two 
identical spheres is given by: 
v~ = 
2 
eatjl6 ln { 1 + exp ( - KH)} , 
2 
[2. 1] 
where E is the dielectric constant of water, a the particle radius, 1.jJ0 the Stern potential which 
is often substituted by t-potential as an approximation, K the Debye parameter, and H is the 
closest approach distance between the spheres. 
The London-van der Waals energy (Vd) is expressed as: 
(2. 2) 
where A 131 is the Hamaker constant of particles 1 interacting in a medium 3 (water). f is the 
correction factor for the retardation effect<16) and is given by: 
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1 /=---
1 + 1.77p 
[2. 3] 
where p=2nH(A.. A. is the wavelength of the intrinsic electronic oscillations, and is usually 
assumed to be 100 nm. Eq.(2. 3] is valid for ps0.5. When p>O.S, the following relationship 
can be used: 
f = 2.45 
5p 
2.17 0.59 
+ (2. 4] 
As suggested by PashleyC14>, the structural (hydration) energy (V:.) may be described 
by a double-exponential function: 
(2. 5] 
where C1, C2 are the pre-exponential parameters and D 1, D2 are the decay lengths. 
The total interaction energy (V,) can be given by the summation of Eqs. (2. 1 ],(2. 2] 
and (2. 5]: 
(2. 6] 
Fig. 2. 1 represents a typical plot of Eq.(2. 6] versus H. V, will go through the energy 
barrier E1 at H1 and a secondary energy minimum £ 2 at H2• If the kinetic energies of particles 
arc smaller than £ 2, coagulation will occur with an equilibrium interparticle distance of H2. 
If the kinetic energies arc larger than £ 2 and E1, but smaller than the sum of the primary 
energy minimum (not shown in Fig. 2. 1) and £ 1, coagulation will occur at a distance smaller 
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J:'ig. 2. 1 Potential energy (V,) vs. distance (H) diagram. £ 1 represents the energy barrier 
and £ 2 the secondary energy minimum. 
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With reference to the V, vs. H diagram shown in Figure 2. 1, one can write the 






= _ ae\ji!Kexp(-Kl/1) + aA 131 {..f_ _ _!_(d/)} 
2[1 + exp(-KH1)] 12 n2 H1 dH H I I 
-a {C1exp(-H1/D1) + C2 exp(-H1/D2 )} = 0. 2 
One can do the same at H 2: 
dV, 2 
• aAm {_L . _I ( df) } ae lj1 6Kexp( - Kl/2) = 
dH H 2[ 1+ exp(-KH2 )] 12 H2 H2 dH H 2 2 2 





Eqs. [2. 7)-[2. 10] have eight unknown parameters, i.e., C1, C2, D1, D2, £ 1, £ 2, H1, and 
H2• If four of these parameters arc known, the equations can be solved simultaneously to 
determine the rest of parameters. In the present work, £ 1 is determined from turbidity 
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measurements as will be described later, while £, is assumed to be -3 kT. The choice of 
such a small £ 2 value implicitly suggests that coagulation of silica is induced by the primary 
rather than the secondary minimum. 
Eqs. [2. 7]-[2. 10) are then solved using different values of D1 and D2 at a given pH 
and electrolyte concentration. There are many combinations of D 1 and D2 that give solutions. 
With each solution, one can calculate the values of ~ using Eq. [2. 5]. Assuming that Vs 
changes with electrolyte concentration but not pH, one can calculate the values of E1 for the 
data points obtained at other pH values using Eq. [2. 7). The turbidity data obtained at 
various pH's are then plotted against the £ 1 values obtained as such. Of the various sets of 
D1 and D2 values that give solutions, the one that gives the best correlation between turbidity 
and E1 is chosen. 
2. 2. 2 Hamaker constant 
The Hamaker constant (A 11) of a solid in vacuum can be obtained from the dispersion 
component of surface tension of the solid (y/) using the following relationship(11l: 
[2. 11] 
in which r11 is the inter-atomic distance and 6nr112 is often assumed to be 1.44x10-18 m2 for 
water and systems with volume clements such as oxide ions, metal atoms, CH2 or CH groups 
which have nearly the same size. The Hamaker constant of solid in water .rl 131 is given by: 
[2. 12) 
where A33 is the Hamaker constant of water. Substituting Eq. [2. 11) for A 11 and A33 into Eq. 
[2. 12], one can obtain: 
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= 0-1s o n)2 A131 1.44xl (yYs - yYw , [2. 13] 
where Ywd (=21.8x10-3 N/m)''7> is the dispersion component of the surface tension of water. 
In the present work, y/ has been determined using the following relationship: 
Y2- Y 1 + Y 13cosel- YzJcosez 
2(g-[1:) [2. 14] 
where e] is the contact angle of liquid 3 (water) on a solid immersed in liquid 1, e2 is the 
same in liquid 2, y1 and y2 arc the surface tensions of liquid 1 and 2, y/ and y/ are their 
dispersion components, and y13 and y23 are the interfacial tensions. 
2. 3 Experimental 
2. 3. 1 Sample preparation 
A reagent grade precipitated silica was obtained from Wako Chemicals. The sample 
was ground in a steel ball mill, boiled first in a 6 N HCI solution for 2 hours and then in a 
cone. HN03 solution for 5 hours to remove iron and organic impurities. This cleaning 
procedure was similar to the method employed by Pashley and Kitchener<8>. After the acid 
leaching, the silica was washed repeatedly by double distilled water until the pH of the 
supernatant water reached 5.8. The sample was then filtered and dried in a vacuum desiccator 
at ambient temperature. The median size of the silica powder was 1.07 1-lm as measured by 
a Microtrack particle size analyzer. The dried powder was re-dispersed in conductivity water 
at 1 wt% solids and used as feed stock for preparing particle suspensions for t;-potential and 
turbidity measurement. 
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2. 3. 2 Contact angle measurement 
The fused silica plate used for contact angle measurement was of optical grade, and 
was cleaned by boiling in cone. HN03 for 5 hours followed by washing with conductivity 
water and drying under nitrogen. This procedure was the same as employed for cleaning the 
Wako precipitated silica. Cyclohexane, octane and decane are chosen as liquid 1 and 2 of 
Eq. 12. 14). The contact angles of water droplets were measured through the hydrocarbon 
phase using a Ramc-hart goniometer. 
2. 3. 3 ~-potential measurement 
The zeta potentials of silica sample were measured at 20 °C using a Pen Kern Laser 
Zee 3000 particle electrophoresis apparatus. An aliquot of the 1 % stock suspension was 
diluted to 120-240 ppm in a NaCI solution of known concentration, and the pH was adjusted 
by adding NaOH or HCl solutions. The suspension was agitated by means of a magnetic 
stirrer for 10 minutes before taking the measurement. The ~-potentials were calculated from 
the mobility measurement using the Smoluchowski's equation{l8>. 
2. 3. 4 Turbidity measurement 
The turbidity of silica suspensions was measured at ambient temperature using a 
Brice-Phoenix DM2000 11ght scattering apparatus. Applying blue light the wa\'e length of 
which was 436 nm, the intensity of transmitted light (10) and that of 90° scattered light (!90) 
were measured for each suspension. The ratio of 19rJ!o was regarded as the turbidity of the 
suspension. The 1 % stock solution was diluted to 300 ppm in an NaCI solution of known 
concentration and pH. The dilute suspension was agitated at approximately 200 rpm for 10 
minutes in a 50 ml beaker by means of a Teflon-coated magnetic bar before transferring to 
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the light scattering apparatus. The turbidity was measured after 10 minutes of settling time 
in the apparatus, and the pH was recorded after the turbidity measurement. It was found that 
the turbidities did not change significantly when the agitation speed was varied in the range 
of 200--WO rpm. 
2. 4 Analysis on the stability of silica suspensions 
2. 4. 1 Analysis using the classical DLVO theory 
Table 2. 1 shows the contact angle data, which were used for calculating y/ of the 
fused silica plate using Eq. [2.14). The surface and interfacial tension data used for the 
calculation were taken from Ref. 17. The y/ values were then used for the calculations of 
A 131 using Eq. [2. 13]. An average of 1.2x10-20 J was obtained as the value of .-1 131, which is 
in agreement with the theoretical (0.83-1.4xl0-20 J)'19- 22> and experimental (1.35x 10-20 J)'12> 
resu Its reported by others. 
Table 2. 1 Contact angles of water droplet on fused silica soaked in various hydrocarbons 
Cyclohcxanc 
-Octane 
el (0 ) 22 
e2 e) 17 
y/ (mN/m) 57 
















The t-potcntial measurements conducted in different concentrations of NaCl solutions 
arc shown in Fig. 2. 2. Although the t-potentials of silica becomes lec;s negative with 
decreasing pH, its i.c.p. cannot be clearly defined. One can sec that the t-potcntials become 
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t-potential measurements conducted with precipitated silica as a function of 










Fig. 2. 3 
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Turbidity (-r) measurements conducted with precipitated silica as a function of 
pH at different NaCI concentrations. 
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The turbidities (-r) of silica suspensions measured in different NaCI concentrations are 
shown in Fig. 2. 3. At 2x10-3 M NaCl, the silica suspension is stable throughout the entire 
pH range studied. The silica suspension is also stable at 2x10-2 M NaCl at alkaline pH where 
the t-potentials are high, but the stability begins to decrease sharply below pH 7 where t= 
-48.3m V. At 2x10-1 M, the turbidity is as low as 31.5 at pH 10, where the t-potential is 
-35.5 mY due to the double layer compression, and then further reduced with decreasing pH. 
Figure 2. 3 shows that the lowest turbidity observed at pH 2 and 2x10-1 M NaCl is 
25. It may seem that the turbidity would not be reduced any further, because the t-potential 
is small ( -2.7 m V). However, the turbidity can be further reduced by simply increasing the 
salt concentration. As shown in Fig. 2. 4, the turbidity is reduced to as low as 7.1 by 
increasing the NaCl concentration to 5.4 M. At low electrolyte concentrations, such a low 
turbidity can only be achieved by adding a polymeric flocculant. These findings indicate that 
at low electrolyte concentrations silica is subjected to a significant repulsive hydration force, 
which is reduced with increasing electrolyte concentrations. This is contrary to what has been 
observed with mica<13- 15'. Apparently, the repulsive hydration force is an inherent property 
of silica rather than a secondary effect created by the adsorption of hydrated counter ions. 
The decrease of hydration force with increasing salt concentration agrees well with the direct 
force measurements obtained with glass fibers by Rabinovich et al<23'. These investigators 
showed that the hydration force decreases when KCl concentration is increased from 1.1x10-4 
to 1x10-2 M; however, the concentration dependency of the hydration force is discemable only 
at separation distances larger than approximately 2.5 nm. It is also shown in Fig. 2. 4 that 
the decrease of turbidity is larger at alkaline pH when NaCl concentration is between 1 and 
4 M, suggesting that the repulsive hydration force decreases with increasing pH at these NaCl 
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Turbidities (t) of silica suspensions plotted vs. energy barriers (£1) calculated 
using the classical DLYO theory. Some of the data points obtained at 2xl0-1 
M arc not shown because of the negative total interaction energy (V,). 
25 
compression at these salt concentrations. 
Fig. 2. 5 shows the turbidity (r) \"S. energy barrier (£1) plots obtained for the data in 
Fig. 2. 3. The energy barriers were calculated using the classical DLVO theory on the basis 
of the t,-potentials (Fig. 2. 2) and the Hamaker constant (A 131=1.2xl0-20 J) obtained in the 
present work. All the calculations of E1 in this chapter and follovving chapters \vcre 
conducted for a particle of 1 ~-tm diameter and the obtained £ 1 was expressed with unit kT 
(1kT=1kT298=4.1x10-21 J). Some of the data obtained at 2xl0-1 M NaCl arc not plotted in 
Fig. 2. 5, because E1s0 according to the classical DLVO theory. When there arc no energy 
barriers, turbidity should be at a minimum. However the lowest turbidity measured at ~:'\10- 1 
M NaCl is 25 (see Fig. 2. 3), which is significantly higher than 7.1 observed at 5.4 M and 
pH 2. Obviously, the classical DLVO theory underestimates £ 1• Usc of the extended DLVO 
theory which incorporates the structural energy (V5 ), should give more realistic energy 
barriers. 
2. 4. 2 Application of the extended DLVO theory 
In the present work, it is assumed that the turbidity of suspension (t) is uniquely 
correlated with the magnitude of energy barrier (£ 1). Fig. 2. 6 illustrates this correlation. 
When the potential energy (V,) vs. distance (H) diagram presents no energy barrier (curve 1), 
coagulation will occur spontaneously and the tu rbidity will reach a minimum. As the 
electrostatic interaction energy (Ve) increases, e.g., by increasing pH or decreasing NaCl 
concentration, the energy barrier increases (curves 2-3), stabilizing the suspension and, hence, 
increasing the turbidity (t). Thus, "'t is uniquely defined by £ 1• The discrepancy between this 
concept and Fig. 2. 5 is att ributed to the fact that the classical DLVO theory docs not include 
structural energy (VJ As will be shown later, ~ is so determined as to give only one 
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Fig. 2. 6 
T 
1 
Relationship between energy barrier (E1) and turbidity (-r). The height of each 
V, vs. H curve represents E1• 
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correlation curve between -r and £ 1 for all the 0SaCI concentrations. 
Fig. 2. 4 shows that the turbidity decreases with increasing electrolyte concentration. 
The changes are gradual at low concentrations, but the slope becomes steeper above 1.4 M 
NaCI. At very high concentrations, ~ may become insignificantly small, resulting in a small 
£ 1 and, hence, a more complete coagulation. Between 2xl0-
1 M and 5.4 M NaCI at pH 2, 
the changes in Ve are minimal because t,-potentials arc already very small (-2.7 mV) at 
2x10-1 M; therefore, the changes in -r may be attributed solely to the changes in ~· On the 
other hand, as the NaCI concentration is reduced fu rther from 2x10-1 to 2x10-2 M, the t-
potentials become significantly more negative, i.e., from -2.7 to - 1-L8 mY. In this region, 
the small changes in -r may be attributed largely to the changes in Ve. Therefore, it may be 
reasonable to assume that Vs remains constant at s2x10-1 M NaCI. The same discussion may 
be also applicable to other pH. At 1 M NaCI, where the contributions from Ve to V, is 
actually zero irrespective of pH, the turbidities are almost the same between pH 2 and 10, 
suggesting that Vs is almost the same for each pH at 1 M NaCI. It may be reasonable ro 
assume that ~ docs not change with pH at NaCI concentrations less than 1 M, and that the 
changes in -r at < 1 M NaCI is solely attributed to the change in Ve. Thus, the assumption: 
(a) Vs is constant at s2x10- 1 M NaCI, (b)~ docs not change with pH at s2x10-1 M NaCI arc 
used in the following calculations. 
In order to determine the contributions from Vs ro V, and, hence, to £ 1, it is necessary 
to determine the four parameters (C1, C2, D1 and D2) of Eq. [2. 5]. As has already been 
discussed, these parameters can be obtained by solving Eqs. [2. 7]-(2. 10) to find the 
solutions that can best correlate all the -r values with £ 1• In the present work, the solutions 
of four equations have been obtained by treating £ 1, £ 2, D1 and D2 as known parameters. 
While £ 1 can be determined from turbidity measurements and £ 2 is assumed to be small, D1 
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and D 2 are actually unknowns. Therefore, Eqs. [2. 7]-[2. 10] can only be solved iteratively. 
At 2xl0-1 M NaCI, pH 2, -r is 25 as shown in Fig. 2. -L Considering that this \·alue 
is much greater than 7.1 at 5.4 M, there should be an energy barrier £ 1 which is greater than 
zero. The value of this E1 is arbitrarily assumed to be 100 kT and this particular £ 1 may be 
designated as E/ to distinguish it from others. As for the value of £2> an assumption is made 
that the coagulation of silica is induced by the primary energy minimum, which requires that 
the secondary minimum be shallow. In the present work, it is arbitrary assumed that £ 2=-3 
kT. 
Using the values of £ 1 and £ 2 obtained as described above, Eqs. ['2. 7]-['2. 10] have 
been solved using different values of D 1 and D2• The results show, howe\·cr, that when D1<1 
nm, only D2 in the neighborhood of 3 nm can satisfy the assumption of shallow secondary 
minimum as will be shown later. Although the value of D1 is assumed arbitrarily, the most 
probable one can be determined by the following procedures. For each set of D1 and D2=3.0 
nm, C1 and C2 arc obtained by solving the equations, and ~ can be calculated by Eq. [2. 5]. 
Assuming that ~ docs not change with pH, the values of £ 1 arc then calculated using the 
extended DLVO theory (Eq. [2. 6]) for all the turbidity measurements obtained in 2xl0-3 to 
2xl0-1 M NaCl solutions of various pH's. By plotting -r vs. Eu one can determine how all 
the turbidity data can be correlated with £ 1• Fig. 2. 7 schematically shows the change of this 
correlation depending on what value is assumed for D1. If large D1 is taken, the -r-£1 curve 
of 0.'2 M is placed above that of 0.02 M and the unique relationship between -c and £ 1 cannot 
be obtained (Fig. 2. 7(a)). If small D1 is assumed, the curve of 0.2 M is placed beneath that 
of 0.02 M (c). When an appropriate D1 is assumed, the both curves is combined into one -r-
£1 correlation curve, and this D1 is regarded as the most probable one (b). 
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Fig. 2. 7 
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The change in turbidities (t) vs. energy barrier (£1) diagram by adding the 
structural energy (Vs) having different decay lengths (01). When 0 1 equals to 
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E 1 (kT/ f!ID) 
Turbidities (t) vs. energy barriers (£1) calculated using the extended DLVO 
theory. The contributions from structural energy (Vs) were calculated assuming 
that £ 1=100 kT at 2x10-1 M and pH 2.0. This energy barrier corresponds to 
-c=25. 
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Table 2. 2 shows that of the various D1 values used in the present work, D1=0.84-0.86 
nm gives the best correlation. Fig. 2. 8 shows the 't vs. £ 1 plots obtained using 0.84 nm D1 
for the turbidity measurements conducted at s2x1o-• M NaCI. The fact that all the data 
obtained in NaCI solutions of different concentrations and pH's arc fitted by a single curve 
demonstrates the utility of the extended DLVO theory. 
Table 2. 2 Structural energy constants (C1, C2) of silica in dilute NaCI solutions calculated 
for various decay lengths (D1). 
D1 (nm) 
0.70 0.82 0.84 0.86 0.92 
cl (mJ/m1) 12.3 9.23 8.84 8.47 7.51 
c2 (mJ/m2) 0.441 0.441 0.441 0.441 0.441 
Corr.Cocff. 0.9981 0.9989 0.9990 0.9990 0.9989 
£/ 5=100 kT, D2=3.0 nm 
Similarly, two series of calculations have been carried out for £/5=30 and 60 kT. In 
each case, D2 is assumed to be 3.0 nm and D1 varied. Table 2. 3 shows that D1=0.58 nm 
gives the best correlation for £/5=30 kT and D1=0.7 nm for £/5=60 kT when the NaCI 
concentration is below 2x 10-1 M. Fig. 2. 9 shows the 't vs. £ 1 plots obtained for the case 
considered. Also shown arc the 't vs. £ 1 plots for the data obtained at >2x1o-1 M NaCl (filled 
symbols). The E1 values at >2xlo-• M NaCl have been obtained by extrapolating the results 
obtained below 2x1o-• M NaCI (for which -c >25). Among the £ 1 values at >2x1o-• M NaCl, 
those at pH 2 are given in Table 2. 4. Also shown in this table arc the C1 values for the case 
of £/5=100 kT using the same D1 (=0.84 nm) as for s2xlo-• M NaCI. 
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Table 2. 3 Structural energy constants (C1, C2) obtained assuming various £/5 and D 1. 
D 1 (nm) 
0.40 0.56 0.58 0.60 0.70 
cl (mJ/m2) 27.4 12.9 12.0 11.1 7.84 
c2 (mJ/m2) 0.441 0.441 0.441 0.441 0.441 
Corr. Coeff. 0.9940 0.9977 0.9978 0.9977 0.9968 
£ 125=30 kT, D2=3.0 nm 
D1 (nm) 
0.50 0.68 0.70 0.72 0.80 
cl (mJ/m2) 19.7 10.6 9.98 9.43 7.65 
c2 (mJ/m2) 0.441 0.441 0.441 0.441 0.441 
Corr. Coeff. 0.9956 0.9977 0.9978 0.9977 0.9975 
E/5=60 kT, D 2=3.0 nm 
Table 2. 4 Energy barriers (E1) at pH 2.0 in different NaCl solutions and structural energy 
constants (C1) calculated for the case of £/5=100 kT. The £ 1 \'alues are 
calculated by extrapolating the £ 1--r relationship obtained for data at < 2x10-1 
MNaCL 
NaCl (M) 
0.4 1.0 2.0 3.0 4.0 5.0 5.4 
E/5=30 kT 17.9 5.4 0.4 0 0 0 0 
ElkT) E/5=60 kT 41.9 21.5 5.2 0.3 0 0 0 
£/5=100 kT 80.1 54.1 25 6.7 2.8 1.2 0.7 
-----------------------------------------------------------------------------------------------
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Fig. 2. 9 
Et (kT/ J.LID) 
Turbidities (t) of silica suspensions plotted vs. energy barriers (£1) calculated 
using the extended DLYO theory. Three different cases, in which £/5 is 
assumed to be 30, 60 and 100 kT, were considered. £/-~ is the energy barrier 
at 2xl0-1 M NaCI and pH 2.0, where -c=25. 
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Table 2. 4 shows that when £/5=30 kT, there is no energy barrier at ~3 M NaCI. This 
is difficult to accept because the turbidity continues to decrease as the NaCl concentration is 
increased from 3 M to SA M. The turbidity should be at a minimum and stay the same as 
long as £ 1=0. The same is true for the case of £ 1 
25
=60 kT and NaCl concentrations abo\·e 
4 M. On the other hand, when £/5=100 kT, £ 1 decreases from 6.7 kT at 3 M to 0.7 kT at 
5.4 M. These energy barriers provide a reasonable correlation with the turbidity 
measurements: "t is 14.3 at 3 M and is 7.1 at 5.4 M. If £ 1 is assumed to be greater than 100 
kT, the energy barrier at 5.4 M NaCl becomes larger than 0.7 kT. Considering that it is 
necessary to add polymeric flocculants in dilute NaCl solutions for silica to achieve "t<l0c2.:>. 
which will be shown in Chapter 6, energy barriers substantially larger than this value may not 
be realistic. Therefore, £ 125 may be in the neighborhood of 100 kT. 
Fig. 2. 10 compares the potential energy vs. distance diagrams obtained for silica using 
the classical and extended DLVO theories at 2xl0-1 M NaCI and pH 2. The classical DLVO 
theory (V,1) shows no energy barrier, because at such a high electrolyte concentration Ve is 
negligibly small. The extended DLVO theory (V,2) shows, on the other hand, that £ 1 is 100 
kT, the major contribution to which is from ~- Because of this energy barrier, "t is as high 
as 25, which decreases to 7.1 when the NaCI concentration is increased to 5.4 M (sec Fig. 
2. 4). Fig. 2. 11 shows how Vs decreases with increasing NaCI concentration. Note that Vs 
reaches a maximum at s0.2 M NaCI (curve 1). The parameters C1, and C2 for pH 3-10 at 
> 1 M NaCI have been calculated in the same manner. Fig. 2. 12 shows the changes in C1 
with pH, where D1=0.84 nm, C2=0A-U mJ/m2 and D2=3.0 nm arc the same throughout all the 
pH's and NaCI concentrations. At 1.-l and 2.0 M NaCI, the decrease of C1 with increasing 
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Potential energies (V) vs. separation distance (H) diagram for silica at 2xlo-• 
M NaCI and pH 2.0. The classical DLVO theory gives no energy barrier (E1), 
while the extended DLVO theory assumes £ 1=100 kT. Because of this energy 













Fig. 2. 11 
0 .0 0.5 1.0 
H (nm) 
NaCI (M) 






Structural energy (Vs) vs. separation distance (H) diagrams at various NaCI 
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Structural force constants (C1) as a function of pH at different NaCI 
concentrations. 
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fn the present work, the secondary energy mmtmum (£2) is assumed to be small, 
which implies that the coagulation of silica is dri\'en by the primary rather than the secondary 
energy minimum. This assumption requires a relatively long second decay length (02=3.0 
nm). As to the validity of the long decay length will be discussed in detail in Chapter 2. 
Fig. 2. 13 shows V, vs. H curves at 2xl0-1 M NaCI and pH 2 obtained when D2=3.0 nm 
(curve 1) and C2=0 (single exponential V5 , curYe 2). The secondary minimum becomes 
significant ( -15 kT) when a long second decay length is not assumed. Rabinovich et al. Ct 2l 
conducted direct force measurements using glass fibers in 0.1 M KCI solution to show a 
secondary minimum, which is equivalent to approximately -5 kT for 1 ~tm particles. This 
value is close to the £ 2 (-3 kT) assumed in the present work. It should be noted, however, 
that Churaev and Derjaguin(25l considered a single exponential function for describing the 
hydration forces associated with silica and quartz. As a result, deep secondary minimum was 
obtained, which they considered responsible for reversible coagulation. 
ft is interesting that hydration force with silica decreases with increasing NaCI 
concentration, while the hydration force with mica is observed only in the presence of high 
concentrations of electrolyte, and it increases with increasing electrolyte concentration(l3- 15>. 
The hydration force of mica can be attributed to the adsorption of hydrated counter ions onto 
mica surface, forming the structure of water molecules in the vicinity of adsorbed ions. fn 
this regard, the acquired hydration force can be referred to as "secondary" hydration force. 
On the other hand, the hydration force of silica can be attributed to the strong hydration of 
silanol groups on its surface, which is inherent property of silica. Thus, the hydration force 
of silica can be referred to as "primary" hydration force. The difference between "primary" 
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Total interaction energy (V,) vs. separation distance (If) diagrams in the cases 
of double (curve 1) and single (curve 2) exponential functions for the structural 
energy (Vs)· 
40 
Although water molecules arc also hydrogen bonded to mica surfaces'26-:m, it is not 
likely that the hydrogen bonding is as strong as that on silica because mica surfaces are 
composed of siloxane groups. When silica is heat-treated, some of the silanol groups 
transfonn to siloxane groups as indicated by the decrease in the concentration of hydroxyl 
groups on the surfaceC28). Based on the heats of wetting data obtained with various silica 
powders of different degrees of surface hydration, Iler'28> estimated the heats of wetting of 
silanol and siloxane groups to be 0.19 and 0.13 J!m2, respectively. The heats of wetting data 
obtained by Taylor et al.'29> show a larger difference between the two: 0.2 J!m1 for fully 
hydroxylated silica and 0.117 J!m2 for annealed silica with no hydroxyl groups on the surface. 
These difference in heats of wetting may account for the difference between "primary" and 
"secondary" hydration forces observed with silica and mica, respectively. 
The extended DLYO calculations carried out in the present work shows that the 
hydration force inherent to silica decreases with increasing NaCI concentration. This is in line 
with Allen and Matijevic's report0> that the coagulation of Ludox HS precipitated silica is 
enhanced in high concentrations of 1:1 electrolytes. They explained it with an ion-exchange 
mechanism, in which cations displace the protons of the silanol groups, thereby preventing 
the hydrogen-bonding of water molecules with silica. If the cations adsorb on silica by the 
ion-exchange mechanism, the adsorbed cations should develop a secondary hydration force 
as has been the case with mica. This is contrary to what has been observed in the present 
work, although it is possible that the amount of hydrated cations adsorbed on silica by the 
ion-exchange mechanism may not be significant enough to create the secondary hydration 
force. 
Iler'30l proposed a somewhat different hypothesis that hydrated cations act as a bridging 
agent. He suggested that the sodium ion can bridge two silica particles by having at least two 
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of its water of hydration displaced by the hydroxyls of the surface silanol groups. The detail 
of this concept will be discussed in Chapter 4 together with the mechanisms of "primary" and 
"secondary" hydration forces. 
2. 5 Conclusion 
As predicted by the classical DLVO theory, the stability of precipitated silica decreases 
with increasing NaCl concentration. However, the silica suspension is not fully destabilized 
even when the t,-potentials are reduced to a minimum. This finding suggests that there is 
a hydration force not considered in the DLVO theory preventing the coagulation. Therefore, 
an extended DL YO theory has been developed by incorporating a term representing the 
hydration force. Based on the turbidity data obtained in the present work, the hydration force 
parameters have been estimated and used for calculating the structural energy. It has been 
found that the structural energy is at a maximum in dilute electrolyte solutions and decreases 
significantly as the NaCl concentration is increased beyond 2x10-1 M. The extended DLVO 
theory is useful for predicting the stability of the silica suspensions over a wide range of pH 
and electrolyte concentrations. 
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Chapter 3 Secondary hydration force with rutile 
3. 1 Objective of research 
Since the development of surface force apparatus(l>, it has been reported that a strong 
repulsive force between two mica samples soaked in aqueous solutions with high electrolyte 
concentration<2-6>. The force decays exponentially with increasing surface separation, the 
decay length of which is much shorter than that of an electrostatic repulsion. The force is 
not considered in the DLVO theory(7-SJ and may be attributed to the adsorption of hydrated 
counter ions on the mica surfaces<91 and successive structure forming of water molecules by 
hydrogen-bonding. 
In the previous chapter, it has been shown that the similar hydration force is observed 
with aqueous suspensions of silica, where the force is at a maximum in a solution of low 
electrolyte concentrations and decreases with increasing electrolyte concentration. This is 
contrary to what has been observed with mica. The force may be attributed to the hydration 
of surface silanol groups and, is, therefore, inherent to silica, different from the acquired 
hydration force with mica. 
The hydration of surface itself is common to most oxides, while the degree of 
hydration may be different from each other depending on the surface compositions. 
Therefore, the hydration force may not be peculiar to mica and silica, and may be observed 
in other oxides if an appropriate measurement is employed. The coagulation experiment and 
successive calculations described in the previous chapter is applicable to any oxides particles. 
It is a distinctive advantage of this method against the surface force measurement, whose 
requirements for sample preparation is difficult to satisfy for most oxide. 
It is, therefore, the objective of this chapter to analyze the coagulation of rutile and 
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to evaluate the hydration force if it exists with ruti le. The results will be processed using the 
extended DLVO theory described in the previous chapter. 
3. 2 Experimental 
3. 2. 1 Sample preparation 
A commercial grade synthetic rutile was obtained from Tioxide Chemicals, Ltd. Its 
median size was 1.9 !lm as measured by using a Microtrack particle size analyzer. The rutile 
contained 6 % chlorine, which was removed by repeated washing with double-distilled water. 
The conductivity of the supernatant water from the final washing step was 3.8x 10-4 Urn. The 
sample was then dried in a vacuum desiccator at ambient temperature. To facilitate the 
wetting process, the dried powder was re-dispersed in conductivity water at 1 % 
solids by weight. This suspension was used as a feed stock for preparing particle suspensions 
for ~-potential and turbidity measurements. 
3. 2. 2 ~-potential measurement 
The ~-potential of the rutile sample was measured at ambient temperature using a Pen 
Kern Laser Zee 500 particle electrophoresis apparatus. An aliquot of the 1 % stock: 
suspension was diluted to 20-80 ppm in a NaCI solution of known concentration, and the pH 
was adjusted by adding NaOH or HCI. The suspension was agitated by means of a magnetic 
stirrer for 10 minutes before taking the measurement. The ~-potentials were automatically 
converted from mobilities using Smoluchowski 's equation and were normalized to the values 
at 20 oc inside the Laser Zce 500. 
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3. 2. 3 Turbidity measurement 
The turbidity of rutile suspensions at ambient temperature was detcm1ined from the 
extinction of white light measured by a nephelometer (Monitck Model 21). The 1 % stock 
suspension was diluted to 200 ppm in an NaCI solutions of known concentration and pH. 
The dilute suspension was agitated at approximately 200 rpm for 10 minutes in a 50 ml 
beaker by means of a Teflon coated magnetic bar before transferring to the nephelometer. 
The turbidity was measured after 5 minutes of settling time in the nephelometer, and pH was 
recorded after the turbidity measurement. 
3. 3 Analysis on the stability of rutile suspensions 
3. 3. 1 Analysis using the classical DLVO theory 
The s-potentiats of rutile are shown in Fig. 3. 1. Its isoclcctric point (i.e.p.) is 
obsef\·ed at pH 6.2, which is close to the values reported in literature (pH 6.0-6.7Y10- 111• The 
s-potcntials are reduced with increasing electrolyte concentration due to double layer 
compression. The s-potcntials measured in 2x10-3 and 2x10-4 M NaCI solutions arc almost 
the same below pH 8.5. Above this pH range, however, the t -potentials at 2xl0-3 M are 
slightly more negative than at 2xl0-4 M. 
The results of turbidity measurements arc shown in Fig. 3. 2. The turbidity is at a 
minimum (or coagulation is at a maximum) ncar the i.c.p. of rutile, which can be explained 
by the reduced electrostatic repulsive energy (Ve), as suggested by the classical DLVO theory. 
The turbidity decreases with increasing NaCl concentration over the entire pH range studied, 
which can also be explained by the decrease of Ve. 
Fig. 3. 3 shows the turbidity (r) of rutile suspensions measured at \'arious pH with 
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Turbidities (t) of rutile suspensions at different pH shown as a function of 
NaCl concentrations. 
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concentrations above 1 M NaCI in spite of the zero ~-potential at i.e.p. (pH 6.2). This 
observation cannot be explained by the classical DLVO theory. As will be shown later, the 
OLVO theory begins to fail at concentrations as low as 2x10-2 M. At above 1 M NaCI, the 
turbidities at pH 5-10 are almost the same, while at pH 4 and 3 the turbidities are much 
higher than those at pH 5-10. Since the coagulation of particles is a dynamic process, it is 
affected by the viscosity of the dispersing medium. For instance, in 4 M NaCI solutions the 
viscosity of which is 1.6 mPa -s the particles may coagulate slower than those in 2x10-4 M 
NaCl solution, whose viscosity is 1 mPa ·s. In the same manner, the coagula in 4 M NaCl 
may settle slower than those of in 2x10-4 M NaCl, which may cause higher turbidity in 4 M 
NaCl. For this reason, the turbidity at 4 M NaCl and pH 6.2 was measured with 16 minutes 
agitation time and 8 minutes settling time. The turbidity was, however, 104 and was not 
largely different from 105 which was measured with 10 minutes agitation and 5 minutes 
settling. This observation suggests that the increase in turbidity at high NaCl concentration 
is not attributed to the higher viscosity of the dispersing media, but to some other factors 
preventing the coagulation of particles. 
In the present work, DLVO calculations have been carried out initially to determine 
the values of £ 1 and to correlate them with the values of 1:. In doing this, V, has been 
detennined using Eq. (2. 1 ], in which 1jJ0 is substituted by ~- Vd, on the other hand, has been 
detennined using Eq. (2. 2), for which the value of Am needs to be known. The Hamaker 
constant has been estimated on the basis of the ~-potential and turbidity measurements (Figs. 
3. 1 and 3. 2). To do this, an assumption is made that £1~0 when 1: is at a minimum. In a 
2x10-3 M NaCl solution, 1: is at a minimum (-70) at pH 6.0-6.4, where the ~-potential varies 
in the range of +6.7 to -4.7 mV. At these low ~-potentials, v,~-Vd according to the classical 
DLVO theory (Eq. (1. 2]) and the assumption made in the present work. From the value of 
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V that can be calculated using Eq. [2. 1) for s=+6.7 mY (at pH 6.0), one can then estimate 
t 
that Am 2:l.Oxl0-20 J using Eq. [2. 2). Note that at pH 6.5 the s-potential becomes more 
negative (-7.8 mY), and the -r: increases to 78. To account for this increase in -r:, it may be 
reasonable to assume that E12:0. It follows then that • ..J JJJ <l.4xl0-20 J. Based on the data 
obtained at 2x10-3 M NaCI, the value of A J3J should be in the range of 1.0-1.4x10-20 J. 
Likewise, the data obtained at 2xl0-4 M NaCt may be used to estimate that rl m should 
be in the range of l.l-2.8xl0-20 J. Considering both case, the value of l.l- 1.4x10-20 J may 
be used as the Hamaker constant of rutile in water. As shown later, the larger the Hamaker 
constant, the larger the estimated structural energy (V.s.) which overcomes the van der Waals 
energy (Vd) and makes an energy barrier (£1) corresponding to turbidity (-r:). In order to 
prevent overestimation of Vs, the tower limit l.lxl0-20 J was taken for the following 
calculations. It should be noted, however, that the Hamaker constant of this value is 
considerably lower than those (3.8-lOxl0-20 J) reported in literatureC1 2-m. 
In Fig. 3. 4, -r: is plotted against the values of E1 obtained using the classical DLYO 
theory. As shown, the data obtained at 2xl0-4 M and 2x10-3 Mare fitted by a single cuf\·e, 
suggesting that the classical DLYO theory is useful for predicting E1• However, the data 
obtained at 2xl0-2 M NaCl and higher deviate from those at lower concentrations. The 
results obtained at 2x10-1 M arc not even shown in Fig. 3. 4 because the E/s arc ncgati\·c. 
Obviously, the DLYO theory underestimates V, at high salt concentrations. As suggested by 
Eq. [2. 6), one must include the repulsive structural (or hydration) energy (Vs) to predict the 
energy barriers correct! y. 
3. 3. 2 Application of the extended DLYO theory 
The method of estimating Vs for rutile is essentially the same as described for silica 
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Turbidity ('t) of rutile suspensions plotted vs. energy barriers (£1) calculated 
using the classical DLVO theory. The turbidity data obtained at 2x 10-1 M 
NaCI arc not shown because V, is negative. 
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in the previous chapter. The values of £ 1, £ 2, D 1 and D2 arc used as the input to the model 
(Eqs. (2. 7)-[2. 10)), and the values of C1, C2, H1 and H2 arc obtained as the output. The 
values of C1, C2, D1 and D2 arc then used to calculate Vs using Eq. [2. 5]. As with silica, the 
secondary minimum is assumed to be shallow (£2=-3 kT) to suggest that coagulation of rutile 
is induced by the primary energy minimum rather than £2. This assumption may be justified 
by the excellent correlation between £ 1 and 1: observed at low NaCl concentrations (sec Fig. 
3. 4). 
Knowing that ,; is uniquely defined for a given £ 1, one can determine £ 1 at a high 
NaCl concentration (for which Vs..eO) by equating it to the £ 1 obtained at a lo'.ver concentration 
(for which ~=0) that gives the same 1:. As has been shown in Fig. 3. 4, the classical DLVO 
theory can be used to determine £ 1 at low electrolyte concentrations because ~=0. Thus, one 
can usc the data obtained at 2x10-3 M NaCl and pH 5.8, where t=14.0 mV (Fig. 3. 1) and 
Am=l.1xl0-20 J, to obtain that £ 1=26.8 kT from the classical DLYO theory. As shown in 
Fig. 3. 2, this energy barrier corresponds to ,;=85. It happens that,; is also 85 at 2xl0-2 M 
(pH 7.1; t=-17.9 mY) and at 2x1o-• M (pH 5.4; t=16.6 mV). It follows, therefore, that £ 1 
should also be 26.8 kT at these concentrations, for which ~..eO. 
Using the values of £ 1 and £ 2 obtained as described above, Eqs. [2. 7)-(2. lO] have 
been solved using different values of D1 and D2. As in the case of silica, only D2 in the 
neighborhood of 3 nm can satisfy the assumption of shallow secondary minimum when D 1<1 
nm. Fig. 3. 5 compares different £ 2's obtained by different 0 2 values. When D1=0.48 nm and 
D2=3 nm, E2 is as shallow as -3 kT (curve 1). When 0 1=0.44 nm and D2=1 nm, a deep 
secondary minimum is observed at a short separation distance (curve 2). A relatively long 
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Total interaction energy (V,) vs. distance (H) diagram obtained using the 
extended OLYO theory. When D1<1 nm, only D2=3 nm gives the shallow 
secondary energy minimum. 
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As shown in Fig. 3. 3, the turbidities at above 1 M NaCl do not depend on pH at pH 
5-10. It suggest that ~ does not depends on pH in this region, because the contributions 
from V, to V, and, hence, E1 at these high salt concentrations are almost zero due to the 
double layer compression, and the change of E1 is solely attributed to the change of Vs. From 
this insensitivity of ~ to pH at high NaCl concentrations, it may be derived the assumption 
that ~does not change at pH 5-10 when NaCl concentrations ~2xl0- 1 , too. By using this 
assumption, the most probable D1 can be determined in the same manner as was described 
in the previous chapter (see Fig. 2. 7). At 2x10-2 M NaCl and pH 7.1, where -c=85 and ~~o, 
one can solve Eqs. [2. 7]-[2. 10] by assuming different values of D1 and by using the values 
of £1=26.8 kT, £ 2=-3 kT and D2=3 nm. The solutions will include the values of C1 and C2 
which are needed for calculating Vs using Eq. [2. 5]. Assuming that ~ does not change with 
pH at pH 5-10, one can then calculate the values of £ 1 for all the data points obtained at pH 
5-10. The value of -c arc now plotted against the £ 1 values obtained as such. This procedure 
is repeated with all the D1 values that give solutions to Eqs. [2. 7]-[2. 10] to find the one that 
gives the best correlation with the data obtained at lower NaCl concentrations, where ~=0. 
Table 3. 1 shows that at 2x10-2 M NaCl, D1=0.38 nm gives the best correlation. Likewise, 
one can determine that D1=0.48 nm gives the best correlation at 2xl0-1 M NaCI. 
Fig. 3. 3 shows that Vs at pH 4 is larger than that at pH 5 when NaCl concentration 
is above 1 M. If this also holds at ~2x10- 1 M NaCl, £ 1 value at pH 4 calculated using Vs 
derived for <!:pH 5 is smaller than that corresponds to the turbidity. At 2x10-2 M and pH 4, 
-c is 147, the £ 1 of which is 151 kT according to the -c-£1 curve of ~2xl0-3 M. On the other 
hand, the calculated £ 1 using ~obtained for <!:pH 5 (01=0.38 nm) gives 148 kT. However, 
the difference of 3 kT is smaller than the 5 kT which is the maximum scattering of data 
regressed with the correlation coefficient of 0.998. The difference of 3 kT can be, therefore, 
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Table 3. 1 Structural energy constants (C1, C1) with rutile obtained for various 0 1• 
2xl0-2 M NaCl 
0 1 (nm) 
0.20 0.36 0.38 0.40 0.50 
cl (mJ/m2) 3-t.3 19.8 15.9 12.6 4.61 
C2 (mJ/m2) 0.132 0.132 0.132 0.132 0.132 
Corr. Coeff. 0.9952 0.9978 0.9980 0.9973 0.9938 
0 2=3.0 nm 
2x10-1 M NaCI 
0 1 (nm) 
0.40 0.46 0.48 0.50 0.60 
cl (mJ/m2) 17.7 12.6 11.4 10.3 6.72 
c2 (mJ/m2) 0.364 0.364 0.36-t 0.364 0.36-t 
Corr. Coeff. 0.9977 0.9980 0.9981 0.9980 0.9973 
D2=3.0 nm 
regarded as an allowable error. At 2x10-1 M, the £ 1 is estimated as 113.3 kT fo r pH 3 and 
82.2 kT for pH 4 from the -r.-£1 curve at .s2xl0-3 M, while the calculation using the ~ for 
~pH 5 (D1=0.48 nm) gives 112.5 kT and 83.4 kT, respectively. The differences of 0.8 kT and 
1.2 kT is also smaller than the maximum scattering of 4 kT in the regression with correlation 
coefficient of 0.9981. It may be concluded from this observation that at pH 3-10, ~ is not 
affected by pH when NaCl concentration is .s2xl0-1 M. Fig. 3. 6 shows the 't \ 'S. £ 1 plots 
made using the parameters of ~ that give the best fi t for each NaCI concentration. The fact 
that all the data points obtained at various NaCl concentrations can be fitted by a single curve 
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T urbidities ('t) of rutile suspensions plotted vs. energy barriers (E1) calculated 
using the extended DLVO theory. The turbidity data obtained at all NaCl 
concentrations are correlated with E1 by a single curve. 
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of electrolyte concentrations. 
Fig. 3. 7 compares the potential energy vs. distance diagrams obtained using the 
classical and extended DLYO theories for rutile at 2x10-1 M NaCl and pH 5.4. At such a 
high NaCI concentration, the classical DLYO theory (V,1) gives no energy barrier because Ve 
is negligibly small. On the other hand, the extended DLVO theory (V,2) shows that V: 
presents the major repulsive energy and give rise to a significant energy barrier (£1=26.8 kT). 
As a result of this energy barrier, -r becomes as high as 85 at 2x10-1 M NaCI and pH 5.4 (see 
Fig. 3. 2). As shown in Fig. 3. 3, rutile is re-dispersed even at i.e.p. when NaCl 
concentration is increased to above 1 M. A possible explanation is that £ 1 increases due to 
an increase in ~· Since turbidity is uniquely correlated with E1, the values of E1 at NaCI 
concentrations above 1 M can be also obtained from Fig. 3 . 6. Then the V5 for each E1 can 
be calculated by the procedures described above. Table 3. 2 shows the changes in parameters 
C1 with NaCl concentration and pH, which have been obtained using the values of D1=0.6 
nm, D2=3 nm and £ 2=-3 kT. Fig. 3. 8 shows the changes of Vs at above pH 5.0 with 
increasing NaCl concentration in the range of 0.02-4.0 M. 
Table 3. 2 Effects of NaCI concentration and pH on structural energy constant (CJ 
NaCl (M) 
1.4 2.0 4.0 
pH 3 16.3 16.3 16.0 
C1 (mJ/m2) pH 4 15.2 15.2 15.5 
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Comparison of the classical and extended DLYO plots for the rutile suspension 
in 2xl0-1 M NaCl solution at pH 5.4. The classical DLYO theory gives no 
energy barrier (£1), while the extended DLYO theory gives £ 1=26.8 kT for 

















Fig. 3. 8 
1 2 3 
0.5 
4 









Effect of NaCl concentration on the structural energy (Vs) at above pH 5 vs. 
separation distance (H) plots. ~ is shown to increase with increasing NaCl 
concentration. 
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The D1 values obtained in the present work are a little longer than those (0.17-0.30 
nmi4> obtained from surface force measurements conducted with mica in 1:1 electrolyte 
solutions. On the other hand, the value of D2 (=3.0 nm) used in the present work is 
significantly larger than those (0.6-1.10 nm) for mica in 1:1 electrolyte solutions. Only in 
the presence of hydrolyzable cations such as La3+ does D2 become 3.0 nm<14>. Fig. 3. 9 shows 
the surface forces measured with mica in 2 M NaCl solutions by Pashley and Quirk<14>. They 
fitted the data using D1=0.3 nm and D2=1.05 nm (curve 1). The reason why the measurement 
ended at the surface separation of 4 nm and the force of 5x10-4 N/m is because it is difficult 
to accurately detect the force less than the value above. It is, therefore, uncertain that the 
force decays along the curve 1 at the separation more than 4 nm. On the other hand, it is 
possible to fit the same data with D1=0.44 and D2=3.0 nm (curve 2), the values of which are 
comparable to those used in the present work for rutile (curve 3). The variance (o/) of the 
experimental data along curve 2 (3.34x10-5) is better than that along curve 1 (3.60xl0-5). 
Therefore, the assumption of 3 nm D2 for 1:1 electrolyte may not be unrealistic. 
The surface force measurements conducted with mica<2- 6> show that the hydration force 
is not inherent to mica. Only when the electrolyte concentration is raised above the critical 
hydration concentration (c.h.c.) does the hydration force become significant. fn this regard, 
the acquired hydration force is referred to as "secondary" hydration force. According to the 
site-bonding model developed by Pashley<9>, the pK values for the adsorption of the hydrated 
cations are in the range of 3-4. Because the pK values arc so small, c.h.c.'s arc high (usually 
in the range of 10-4-10-1 M). In general, c.h.c. increases with increasing hydration energy 
of the cations involved, indicating that the more strongly a cation is hydrated, the less likely 
the hydrated cations will remain adsorbed on the surface when two curved mica cylinders 
approach each other during the surface force measurements. Also, the magnitude of the 
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1: Mica CF170, 01 =0.3, C2=20, 02=1.05 
2: Mica C1=140, 01=0.44, C2=1.6, 02=3 





Surface forces measured by Pashley and Quirkc14> with curved mica surfaces 
in 2 M NaCl solutions. A longer D2 (=3.0 nm) value assumed for rutile may 
also be useful for the data obtained with mica. 
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hydration force increases with increasing hydration energy, because it would require more 
energy to remove the water of hydration from more strongly hydrated cations. 
Similar results were obtained with the synthetic rutile used in the present work. The 
hydration force becomes discernable at approximately 2x10-2 M and increases with increasing 
NaCl concentration, suggesting that it is a secondary hydration force created by the adsorbed 
ions on the rutile surfaces. Since the turbidities cannot be predicted by the classical DLVO 
theory at both sides of i.e.p., the secondary hydration effect may be brought about by both 
Na+ and Cl- ions, the detail of which will be discussed in Chapter 4. 
3. 3 .3 Modification of t -potential 
In the discussion above, t-potentials are used instead of Stern potentials to calculate 
electrostatic energy (Ve)· It is probable that the Ve is underestimated since t-potentials arc 
generally smaller than the Stern potentials. Although, the existence of structural force at ~1 
M NaCI is apparent due to almost zero contributions form Ve to V, at such high NaCI 
concentrations, it may not be necessary to assume that the structural force also exists at 
2x10-1 to 2x10-2 M NaCI, if Ve's are significantly larger than those calculated from t-
potentials. 
Fig. 3. 10 shows the relation between t -potentials and Stern potentials (lf'tJ As the 
potential decays exponentially outside the Stern layer, 'lf!0 can be expressed as: 
\j16 = (exp(KX) , [3. 1] 
where K is Debye parameter and X is the separation distance between Stern plane and shear 
plane. While Lyklema05> and others<16- 19l suppose that X=O, Webb et ai.<20l estimate the X of 
synthesized anatase in NaCl solution as 12 A at 1x10-2 M NaCI, 20 A at 2x10-3 M and 25 
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Fig. 3. 10 
1 2 
Wo 
Wo 1 : Stern Plane 
2: Shear Plane 
X H 
Potential distribution in an electric double layer. \1'0 , I.IJ6 and ~ represent the 
surface, Stern and zeta potentials respectively. 
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A at 4xl0-4 M. It will be investigated in the following the effect of {;-potential correction 
from the standpoint of Webb et a l. 
Since the length of X at 2x10-4 M is not available, it is arbitrarily assumed to be 30 
A. Then it is calculated that 1.p0=1.15t from Eq.[3. 1]. Using this '4,6, the Hamaker constant 
can be estimated to be 2.lx10-20 Js..f l31<3.7x10-20 J with the same process described earlier. 
Then it is arbitrarily assumed that .rll31=2.1x10-20 J. Now one can calculate £ 1 for each 
turbidity measurement at 2xl0-4 M NaCI using these 1.p0 and Am and can plot new -c-£1 curve 
for 2x10-4 M NaCI. Then one can estimate the '4'& and, hence, X at 2xl0-3 to 2xl0-1 M NaCl 
necessary for fitting -c and E1 at each NaCI concentration on the same curve of 2xl0-4 M. 
Fig. 3. 11 shows the distance X at 2xl0-3 to 2x10-1 M NaCl thus obtained. As shown, the 
position of shear plane should move irregularly with the change of pH and NaCl 
concentration, which is difficult to accept. This irregularity is not due to the assumption of 
30 A for X at 2x10-4 M and can be observed when any other values are assumed for the X. 
Another difficulty in t-potential correction is that it leaves a deep secondary minimum 
£ 2 behind the energy barrier at 2x10-1 M NaCI. Since the decay length of electrostatic 
repulsion is K-1=0.68 nm at 2x10-1 M, the situation similar to the curve 3 in Fig. 3. 5 occurs. 
Fig. 3. 12 compares the structural force correction and the t-potential correction for the data 
at 2x10-1 M and pH 5.4. While the former raises the secondary minimum to -3 kT by the 
contributions from D2=3 nm, the latter leaves the -40 kT minimum. It is difficult to assume 
that this deep secondary minimum does not affect the coagulation of rutile. 
Considering the both problems in t-potential correction, it seems reasonable to 
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Distance between Stern and shear planes for the zeta potential correction. The 
shear plane should move irregularly with the change of pH in order to obtain 
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Comparison of structural force and shear plane corrections on potential energy 
(~) vs. distance (H) plots. The shear plane correction leaves a deep secondary 
minimum behind the barrier, while the structural force correction makes a much 
shallower secondary minimum. 
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3. 4 Conclusion 
Turbidity measurement conducted with aqueous suspensions of synthetic rutile show 
that the stability decreases with increasing NaCl concentrations as predicted by the classical 
DLVO theory. At 2x10-2 M NaCl and abo,·e, however, the suspensions begin to show 
repulsive hydration forces not considered in the classical DLVO theory. It is believed that 
the hydration force is due to hydrated counter ions adsorbed on the rutile surface. Because 
of this additional repulsive force, the rutile suspension is peptized at i.e.p. when NaCI 
concentration is increased to above 1 M. 
In order to account for the anomalous stability of the rutile suspensions at high 
electrolyte concentrations, the DLYO theory has been extended by including a structural 
energy term. The energy barriers calculated using the extended DLVO theory can be used 
in predicting the stability of the rutile suspensions over a wide range of electrolyte 
concentrations. 
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Chapter 4 Secondary hydration force with stannic oxide 
4. 1 Objective of research 
It has been shown in the previous chapters that there arc two kind of hydration forces, 
i.e. the primary and secondary hydration forces. The primary hydration force is obserYed with 
silica and decreases with increasing electrolyte concentration. The secondary hydration force 
which increases with increasing salt concentration is observed with mica and rutile. More or 
less, other oxides seem to have similar hydration forces, and it is interesting to know which 
kind of hydration force exists with other oxides. In this chapter, it will be tried to confirm 
the hydration force with stannic oxide, if it exists, using the same method described in the 
previous chapters. The mechanism of the primary and the secondary hydration forces will 
also be discussed. A difference in turbidities of silica and stannic oxide will be discussed at 
the end of this chapter. 
4 . 2 Experimental 
4. 2 . 1 Sample preparation 
A regent grade synthetic stannic oxide was obtained from Wako Chemicals, Ltd. The 
fine fraction of it was recovered by the settling of sample in dilute aqueous suspension at pH 
9. The median size of the fine fraction was 1.13 ~m as measured by using a Microtrack 
particle size analyzer. The sample was washed repeatedly with double-distilled water until 
the pH of the supernatant water from the final washing step reached pH 5.8. The sample was 
then dried in a vacuum desiccator at ambient temperature. To facilitate the wetting process, 
the dried powder was re-dispersed in conductivity water at 1 % solids by weight. This 
suspension was used as a feed stock for preparing particle suspensions for ~-potential and 
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rurbidity measurements. 
4. 2. 2 Contact angle measurement 
The natural wood tin nodule of 20 mm x 25 mm size from San Luis Potosi, Mexico 
was used for contact angle measurement The section of sample was polished using diamond 
paste and was cleaned by immersing in Acetone and by successive boiling in cone. HN03 for 
2 hours followed by washing with conductivity water and drying under nitrogen. 
Cyclohexane, octane and dccane arc chosen as liquid 1 and 2 of Eq. [2. 14 ]. The contact 
angles of water droplets were measured through the hydrocarbon phase using a Ramc-hart 
goniometer. 
4. 2. 3 ~-potential measurement 
The ~-potential of the stannic oxide sample was measured at 20 °C using a Pen Kern 
Laser Zee 3000 particle electrophoresis apparatus. An aliquot of the 1 % stock suspension 
\vas diluted to 200-400 ppm in a NaCI solution of known concentration, and the pH was 
adjusted by adding NaOH or HCI. The suspension was agitated by means of a magnetic 
stirrer for 10 minutes before taking the measurement, then pH was recorded. The ~­
potentials were calculated from the mobilities of sample using Smoluchowski's equation. 
4. 2. 4 Turbidity measurement 
The turbidity of stannic oxide suspensions was measured at ambient temperature with 
the same method as used for silica suspensions in Chapter 2. The 1 % stock suspension was 
diluted to 200 ppm in an NaCI solution of known concentration and pH. The dilute 
suspension was agitated at approximately 200 rpm for 10 minutes in a 50 ml beaker by means 
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of a Teflon coated magnetic bar before transferring to the light scattering apparatus. The 
turbidity was measured after 10 minutes of settling time in the measuring cell, and pH was 
recorded after the turbidity measurement. 
4. 2. 5 Coagulation experiment 
The coagulation experiment of silica and stannic oxide suspensions was carried out 
with 400 ml suspension which contained the solid by 500 ppm. A glass beaker of 75 mm 
diameter and 150 mm height was used for agitation and settling. The suspension was agitated 
by Teflon-coated magnet at about 200 rpm for 30 minutes and was hold for 60 minutes for 
the settling of particles. After the settling, the suspension was discharged by siphoning. 
During each siphoning process, 29 ml suspension was remained at the bottom of the beaker 
and was recovered with settled coagula. The settled coagula and suspended particles in 
discharged suspension were recovered by filtration, and the weight of recovered solids was 
measured after drying at 105 °C. 
4. 3 Analysis on the stability of stannic oxide suspensions 
4. 3. 1 Analysis using the classical DLVO theory 
Table 4. 1 shows the contact angle data, which were used for calculating the dispersion 
component of surface tension of wood tin (y/) using Eq. [2. 14]. The surface and interfacial 
tension data used for the calculation were taken from literature{!>. The y/ values were then 
used for calculating the Hamaker constant of the wood tin ~-1 131) using Eq. [2. 13]. An 
average of 2.3xl0-20 J was obtained as the value of A 131 , which is a little smaller than 
literature values of Hamaker constant of stannic oxide (2.5-5.5xl0-20 J)<1- 2>. The value 
2.3x10-20 J was used as the Hamaker constant of stannic oxide for further calculations. 
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The ~-potentials of stannic oxide measured in different NaCI concentrations of NaCI 
solutions are shown in Fig. 4. 1. The isoelectric point (i.e.p.) was observed in the 
neighborhood of pH 4.0, which is close to literature values (pH 3.9-5.5)<3- 4>. Although the 
~-potentials are generally smaller in magnitude at higher NaCl concentrations, those at 2xl0-3 
and 2xl o-2 M NaCI arc almost the same at pH 3-5. 
The turbidity measurements of stannic oxide suspensions conducted at different NaCI 
concentrations are shown in Fig. 4. 2. The decrease in turbidity (r) is attributed to the 
decrease of electrostatic repulsive energy (Ve) as suggested by the classical DLVO theory. 
Ncar the i.e.p., the turbidity is at a minimum where the energy barriers (£1) preventing 
coagulation are supposed to be sO. 
Fig. 4. 3 shows the turbidity of stannic oxide suspensions at \·arious pH and NaCl 
concentrations. The stannic oxide is rc-dispcrscd at NaCl concentrations above 1 M even at 
its i.c.p. (pH 4.0), where there is no electrostatic repulsion. This is similar to what has been 
observed with rutile suspensions. At above 1 M NaCI, the turbidities at pH 3-10 arc almost 
the same, while at pH 2 and lthe turbidities arc higher than those at pH 3-10, which is also 
similar to the case of rutile suspensions. It seems that there is a significant secondary 
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Fig. 4. 2 
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Turbidity (t) measurements conducted with stannic oxide as a function of pH 
at different NaCI concentrations. 
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Fig. 4. 3 
NaCI (M) 
Turbidities (t) of stannic oxide suspensions at different pH shown as a function 
of NaCI concentration. 
77 
using the Eqs. [~. 1] and [~. ~), the total interaction energy (V1) and, hence, the energy 
barrier (£ 1) for each turbidity measurement in Fig. 4. 2 hJS been calculated. In Fig. 4. 4, -r 
is plotted vs. £ 1 obtained above. It is shown that the -r-£1 plots for ~x 10-:! M and 2xl0-3 M 
can be fit by a single correlation curve, suggesting that 1: is uniquely defined by £ 1. The 
result obtained at 2xlo-t M NaCl are not shown because the E/s arc negative according to 
the classical DLYO theory. The turbidities at 2x10-1 M NaCl arc minimum at pH >2 which 
can be related to the negative £1, however the turbidities at pH 2 and 1 arc much higher than 
the minimum value. It is difficult to accept that these higher turbidities reflect the same 
condition, the negative £ 1• As suggested by Eq. [2. 6], one must include the structural energy 
(Vs) to calculate the energy barriers correctly. 
4. 3. 2 Application of the extended DLYO theory 
The method of estimating Vs is the same as described in the previous chapters. The 
values of £ 1, £ 2, D1 and D2 arc used as the input to the model (Eqs. [2.7)-[2.10]), and the 
values of C1, C2, H1 and H2 arc obtained as the output. The values of £ 1 arc estimated 
assuming that the -r-£1 relationship for 2x10-2 and 2xl0-3 M NaCl holds for any NaCl 
concentrations, while the secondary minimum (£2) is shallow and docs not affect the turbidity. 
It has been found that the condition of shallow secondary minimum requires larger 0 2 for 
stannic oxide than those of silica and rutile due to the larger Hamaker constant (.-1 131 ) of 
stannic oxide. When £ 2 is assumed to be -3 kT, D2 should be larger than or equal to 4.3 nm 
with stannic oxide, while 3nm of D 2 is enough for silica and rutile to make the same shallow 
Fig. 4. 5 shows the effect of D2 on £ 1 for the turbidity at 2x 10 1 M NaCI and pH ~.0 . 
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Turbidities (r) of stannic oxide suspensions plotted vs. energy barriers (E1) 
calculated using the classical DLVO theory. The turbidity data at 0.2 M NaCl 













Fig. 4. 5 
0 
0.2 M pH 2.0 
1 2 
5 10 15 20 
H (nm) 
Total interaction energies (V1) plotted vs. separation distance (H). The second 
decay lengths of stmctural force (D2) arc assumed to be 4.3 nm (curve 1) and 
3.0 nm (curve 2), respectively. The shorter D2 makes a very large energy 
barrier (£1) with the condition of -3 kT £2. 
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with 4.3 nm D2 can satisfy both the condition of E 1=28.1 kT and £2=-3 kT (curve 1 ), the ~ 
with 3 nm D2 makes £ 1 of 232 kT even if C1 is assumed to be zero (curve 2), which is 
attributed to the fact that the shorter D2 requires larger C2 to satisfy the condition of -3 kT 
£ 2 and, hence, the ~ becomes larger at small separations. In the same manner, the value of 
D 1 is also limited to a certain range. Fig. 4. 6 shows an example of such cases. At 1 M 
NaCl and pH 4.0, the value of £ 1 is calculated to be 8.2 kT. With the condition of 8.2 kT 
£ 1 and -3 kT £ 2, the V5 with 1.1 nm D1 makes a normal energy curve (curve 1), while ~ 
with 0.6 nm D1 makes another energy minimum in addition to the £2 of -3 kT (curve 2). 
In the previous chapters, the -3 kT has been arbitrarily chosen as the value of £ 2 on 
the assumption that such a shallow £ 2 does not affect the turbidity. According to the classical 
DLYO calculations, the £ 2's at 2x10-2 M NaCl arc in the range of -5 kT and -8 kT. 
Considering that the -r.-£1 curve for 2x10-2 M coincides with that of 2x10-3 M, where £ 2's 
arc in the range of -0.3kT and -0.7 kT, it may be reasonable to assume that the £ 2 of -5--8 
kT also does not affect the turbidity. Therefore, the V5 is estimated in the following 
discussions, assuming three different values, -10 kT, -5 kT, and -3 kT as the value of £ 2. 
For each value of £ 2, there arc different limitations on D1 and D2, i.e. Di?:.0.6 nm and 2.2 
nmsD2<2.9 nm for £ 2=-10 kT, 0 1?::.0.9 nm and 3.3 nmsD2<3.9 nm for £ 2=-5 kT, 0 1?::.1.1 nm 
and 4.3 nmsD2<4.9 nm for £ 2=-3 kT. Table 4. 2 shows the parameters of Vs at 2xl0-1 M 
and pH 1.0 and 2.0 calculated using the lower limit values of D 1 and D2 for each case. One 















Fig. 4. 6 
1M pH 4.0 
1 1:C1=4.11 01=1.1 C2=0.358 02=4.3 
2: C1=20.6 01=0.6 C2=0.358 02=4.3 
2 
5 10 15 20 
H (nm) 
Total interaction energies (V1) plotted vs. separation distance (H). The first 
decay lengths of structural force (D1) arc assumed to be 1.1 nm (curve 1) and 
0.6 nm (curve 2), respectively. The shorter D1 makes another minimum before 
the secondary energy minimum (£2=-3 kT). 
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Table -L 2 Structural energy parameters (C1, D1, C2, D2) of stannic oxide in 0.2 M NaCl 
solution. 
pH 1 
cl (mJ/ml D1 (nm) c2 (mJ/m2) D2 (nm) 
£ 2=-10 kT 9.43 0.6 1.60 2.2 
£2=-5 kT 5.62 0.9 0.656 3.3 
£2=-3 kT 4.52 1.1 0.358 4.3 
pH 2 
cl (mJ/ml D1 (nm) c2 (mJ/m2) D2 (nm) 
£ 2=-10 kT 4.90 0.6 1.60 2.2 
£2=-5 kT 3.94 0.9 0.656 3.3 
£2=-3 kT 3.44 1.1 0.358 4.3 
Fig. 4. 7 shows the energies (Ve, Vd, V5 , ~) vs. surface separation (H) plot at 2x10-1 
M NaCl and pH 1.0 on the condition that £ 2=-5 kT. Since Ve decreases sharply with 
increasing H, the total energy of classical DLYO (V11 ) is almost the same as Vd, while V5 
enables to make a barrier of 34.1 kT with the total energy of extended DLVO (V,2). 
Table 4. 3 shows the parameters of V5 at <!: 0.4 M NaCI. Although the turbidity 
decreases with increasing NaCl concentration from 0.2 M to 1 M at pH 1 and 2 (sec Fig. 4. 
3), the decrease in 1: is attributed to the decrease in ve, and ~ itself increases with increasing 
salt concentration. It is also observed that Vs is larger at the acidic side of i.e.p. and is not 
affected by pH at the alkaline side of i.e.p. This is quite similar to what has been observed 
with rutile. 
In order to compare the secondary hydration forces observed with stannic oxide and 
rutile, the coagulation data of rutile at <!:l M NaCl were re-processed and the parameters of 
~ were obtained assuming the same £ 2 and D 1 as stannic oxide. The results arc shown in 
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0.2 M pH 1.0 
classical OLVO 
extended OLVO 
C1=5.62 0 1=0.9 
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Interaction energies (V) plotted vs. separation distance (H). The solid lines 
represent the classical DLVO theory, while dashed lines the extended DLVO 
theory with the condition of -5 kT £ 2. The structural energy (Vs) makes the 
34.7 kT energy barrier (£1) which corresponds to the turbidity of 21.7. 
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Table 4. 3 Structural energy constants (C1) of stannic oxide suspension at various NaCI 
concentrations and pH. 
£ 2=-10 kT 
NaCI (M) 
0.4 0.6 1.0 2.0 4.0 
pH 1 13.3 14.3 14.7 14.9 15.3 
cl (mJ/m~ pH 2 11.4 12.8 13.7 14.7 15.4 
pH 3-10 11.1 12.3 l-L3 
D 1=0.6 nm, C2=1.60 mJ/m
2
, D2=2.2 nm 
£ 2=-5 kT 
NaCI (M) 
0.4 0.6 1.0 2.0 4.0 
pH 1 7.13 7.33 7.37 7.47 7.68 
c) (mJ/m2) pH 2 6.33 6.66 6.83 7.36 7.73 
pH 3-10 5.36 6.02 7.17 
D 1=0.9 nm, C2=0.656 mJ/m
2
, D2=3.3 nm 
£ 2=-3 kT 
NaCI (M) 
0.4 0.6 1.0 2.0 4.0 
pH 1 5.46 5.52 5.52 5.59 5.75 
c) (mJ/m~ pH 2 4.93 5.07 5.13 5.51 5.78 
pH 3-10 4.11 4.56 5.37 
D1=1.1 nm, C2=0.358 mJ/m
2
, D2=4.3 nm 
85 
Table 4. 4 Structural energy constants (C1) of rutile at above 1 M NaCI. The calculation 
was conducted using the same D 1 anJ £ 2 as used in the calculation with stannic 
oxide. 
£ 2=-10 kT 
1.4 
pH 3 12.6 
cl (mJ/m2) pH 4 11.5 
pH 5-10 5.96 
£ 2=-5 kT 
1.4 
pH 3 7.20 
cl (mJ/m2) pH 4 6.54 
pH 5-10 3.31 
£ 2=-3 kT 
1.4 
pH 3 5.58 
cl (mJ/m2) pH 4 5.07 





























been used with stannic oxide, the comparison of ~ between stannic oxide and rutile at close 
separation (H<5 run) is possible where the magnitude of~ is mainly determined by the va!ue 
of C1. At the alkaline side of respective i.e.p.'s, stannic oxide exhibits stronger hydration 
force than rutile at the same NaCl concentrations. Since there is a difference in i.c.p.'s of 
stannic oxide and rutile by 2.2 pH, pH 1 for stannic oxide may be comparable to pH 3 for 
rutile from the standpoint that the both pH's are at the acidic sides apart from respective i.e.p's 
by about 3 pH. If the secondary hydration forces at the acidic side of i.e.p. are compared in 
this manner, the force is stronger with stannic oxide than with rutile. As will be discussed 
later, the secondary hydration force is supposed to be related directly to the adsorption of 
hydrated ions, the observation above may suggest that the ion adsorption by stannic oxide is 
larger than that of rutile. The confirmation of this is left for future research. 
4. 4 Primary and secondary hydration forces. 
The primary and secondary hydration forces show the opposite behavior with rhe 
change of electrolyte concentration. The primary hydration force decreases with increasing 
NaCI concentration, while the secondary hydration force increases with increasing salt 
concentration. This observation suggests that the forces arc developed from different origins. 
As has been discussed in Chapter 2, the primary hydration force of silica is probably 
attributed to the hydration of surface silanol groups (Si-OH), which may be represented 
schematically as shown in Fig. 4. 8. The thickness of water layer has been reported as one 
molecule deep(6), several molecules deep(?) or up to 90 nm<8). This water layer (or structure) 
is supposed to develop a steric repulsion when two surfaces approach each other. The 
decrease of the steric repulsion with the introduction of NaCl can be explained by the 
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Fig. 4. 8 
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Schematic diagram of the structure of water molecules adsorbed on silanol 
groups. 
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"bridging mechanism" of sodium ion proposed by Iler<9>. A sodium ion in solution is 
surrounded by the oxygen atoms of six water molecules of hydration. As shown in Fig. 4. 
9, it is suggested that when the sodium ion is adsorbed on the surface of silica particle, one 
or more of the oxygen atoms of the water of hydration can be displaced by the oxygens of 
the surface silanol group, which thus become linked directly to the sodium. In a similar 
manner, the rest of water molecules linked to the outwardly disposed side of the sodium ion 
can be displaced by the silanol groups on the surface of a second colliding particle. The 
sodium ion may thus act as a bridge between two silica particles. In this case, the increased 
concentration of NaCl may increase the cation-bridging and decrease the turbidity of 
suspension. Since the increase of total negative charge on surface is favorable for the 
approach of sodium ion and,hence, cation-bridging, the turbidity decreases with increasing 
pH. 
On the other hand, there may be no significant water layer of hydration on rutile or 
stannic oxide surfaces. As shown in Fig. 4. 10, hydrated sodium ions adsorb onto the 
surfaces and may develop a water structure to generate a steric repulsion. This idea was 
introduced by Pashley<IO) to explain the non-OLYO force observed with mica. He proposed 
a site-binding model for the adsorption of cations onto mica surfaces and suggested that the 
hydration of cations was responsible for this repulsion. The same mechanism may be 
applicable to the case of rutile and stannic oxide. Since the increased NaCI concentration 
increases the adsorption of sodium ions, it may increase the steric repulsion and hence 
increase the turbidity. 
The discussion above is based on the assumption that there is an inherent hydration 
layer on silica surface and not on stannic oxide and mtile surfaces. There seems to be some 









Cation-bridging mechanism proposed by Ilcr{9). The sodium ion adsorb on 
silica surface by exchanging the water of hydration with the adsorbed water 






Fig. 4. 10 Assumed mechanism of the secondary hydration force. The structure of water 
molecules is formed as hydrated cations adsorb on the surface. 
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uptake by silica decreases following the order, Cs+ > K+ > Na• > Li+. This sequence may 
be attributed to the fact that the structure breJking cation (Cs"'") is better able to penetrate the 
hydration layer on silica than the structure promoting cation (Lj+). On the contrary, the 
reverse sequence u+ > Na+ > K+ > cs• is observed in stannic oxide<13> and rutile<14>. Berube 
and de Bruyn<14) considered that the adsorbed water molecule on the oxide surface would 
favor the adsorption of ions that can maintain the structural order of adsorbed water. If this 
water layer is as dense as that of silica, cs• should adsorb more than Li+. It seems that the 
water layers on rutile and stannic oxide arc looser than that of si lica. The existence of 
adsorbed water layer on oxides' surfaces is often attributed to the crystal field energy of 
cations in oxidcs(3>. The smaller the ionic radius of cation, the more probable the water layer 
is formed on the surface. According to Shannon and Prcwitt<15>, the effective ionic radius of 
Si4+ is 0.26 A which is much smaller than those of Ti4+ (0.605 A) and Sn4~ (0.69 A). 
Therefore, it seems reasonable to assume that there is a dense adsorbed water layer on silica 
enough to develop the primary hydration force, and there is not on stannic oxide and rutile 
where such dense layers arc formed as the hydrated cations adsorb on the surfaces. 
Pashlc/10) also observed that the addition of HCl decreased the hydration force with 
mica and concluded that H30+ was not responsible for the development of hydration force, 
and that the replacement of cations from mica surfaces with H30+ deteriorated the hydration 
force. As has been already shown, however, the secondary hydration forces with rutile and 
stannic oxide arc stronger at each acidic side of i.e.p. than at each alkaline side. This is 
observed with rutile at above 1 M NaCl and with stannic oxide at above 0.2 M 'aCI. While 
the hydration force increases with decreasing pH at the acidic side, the force is not affected 
by pH ncar i.c.p. and at the alkaline side. A possible explanation of this is the effect of the 
hydration of adsorbed anions. The enthalpy of hydration of Cl is -376 kJ/mo1< 16>, which is 
92 





H +() H 
H 
H H 
Assumed anion adsorption on the surface. Hydrated anions adsorb on oxide 
surface at acidic pH and reinforce the water structure. 
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smaller than that of l\'a· (-407 kJ mol) but is larger than that of K+ (-324 kJ 'mol). 
According to Pashley(!?)' the hydration fore'? with mica is observed with not only K+ but also 
cs+ whose enthalpy of hydration is -274 kJ/mol. Judging from these enthalpy data, it may 
be reasonable to assume that the adsorption of cr also develops the secondary hydration 
force. In an acidic solution, the Cr may replace OH- adsorbed on Ti or Sn in an alkaline 
solution, and may reinforce the hydration layer on the surface (see Fig. 4. 11). Since the 
specific adsorption of CI04- on rutile is reported to occur in an acidic solutionCIS), the 
adsorption of Cl- at acidic pH may not be unreasonable. This discussion implies that the 
adsorption of Na+ occurs rather specifically and that of cr occurs by Coulombic interaction, 
the validity of which have to be investigated in future research. 
4. 5 On the turbidity measurements 
The turbidity of suspension has been used through Chapter 2 and 4 as a measure 
which represents the degree of coagulation. It has been shown that the turbidity (t) can be 
un iquely related to the energy barrier (EI) between two particles in an electrolyte solution. 
It should be noted, however, that the value of turbidity used in this work is not an absolute 
quantity and can vary depending on the measuring condition and the properties of respect ive 
particles. This is quite different from EI the value of which can be absolutely determined by 
the electric potential and the Hamaker constant of particles. Therefore, each umquc 
correlation between -,; and EI is peculiar to each oxide and measuring condition. 
One can see an example of th is by comparing -r- EI curves for silica and stannic oxide. 
In both cases, the turbidities were measured by the same method using the same light 
scattering apparatus. However, the -r-EI curves arc quite different as shown in Fig. 4. 12, 
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Turbidity (t) vs. energy barrier (£1) relationship of silica (£/5= 100 kT) and 
stannic oxide. 
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The turbidity of silica starts to decrease at £ 1=600 kT ~tm, while that of stannic oxide does 
at £ 1=100 kT/~m. It seems as if silica coagulated easier than stannic oxide in spite of much 
larger energy barrier. However, this is not the case and can be explained in the following by 
considering the complex behavior of turbidity. 
When the intensity of transmitted and incident light arc given as !0 and 11 respectively, 
the following relation can be written: 
I 
..£ = exp(-NAQt) , 
I; 
[ 4. 1] 
where N is the number of particles in unit volume of suspension, A the projected area of the 
particle, Q the particle extinction coefficient, t the thickness of suspension. The extinction 
coefficient Q for a sphere changes with particle size as shown in Fig. 4. 13<19). The 
difference in Q between silica and stannic oxide is attributed to the refractive indices of silica 
(1.5) and stannic oxide (2.0). During the coagulation of small particles (sec the inset of Fig. 
4. 13), the number N decreases, while both the area A and coefficient Q increase. Then !0 
varies with the change of the product N.AQ. Therefore, it is theoretically possible that !0 
decreases, i.e. turbidity increases during the coagulation when the increase in Q overcomes 
the decrease in N. However, this has not been observed in the present work, which may be 
attributed to the settling of coagula. As will be shown later, the turbidity is well correlated 
to the settled amount of solid which may be another indicator for coagulation. 
Since the slope of Q vs. particle size is larger with stannic oxide than silica for small 
particles, the decrease in N may be well compensated by the increases in Q with stannic 
oxide, while it may not with silica. Then the increase in /0 during the coagulation may be 
larger with silica than with stannic oxide. This increase in !0 brings the decrease in "t, 





















Fig. 4. 13 
Sn02 
Si02 
... ,..I- .......... 
" 
2 3 4 
Diameter (jLm) 
. . , 
4 ........ . ........... - ......... ~·~·;·:' 
1: before coagulation 
............. ........... . 










Particle extinction coefficient of silica and stannic oxide shown as a function 
of particle diameter. 
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of !90 vs. particle size does not differ as distinct!) with the refractive index as in the case of 
extinction coefficient described aboveC!O)_ Thus the change in 1: mainly reflects the change 
in 10. Therefore, it may be possible that the coagulation of small particles can be detected 
with silica by the change of turbidity, and it cannot with stannic oxide. At the condition of 
£ 1=600 kT/11m, the turbidity may decrease with silica sensitively reflecting the coagulation 
of small particles (e.g. 0.1 11m) and may not change with stannic oxide because of its 
insensitivity to the coagulation of small particles. 
On the contrary, the difference in the slope of 1: vs. £ 1 with silica and stannic oxide 
shown in Fig. 4. 12 may be explained as the effect of coagulation of larger particles. When 
particles of near 0.6 11m coagulate, the extinction coefficient Q of stannic oxide decreases 
with the coagulation as shown in Fig. 4. 13. This decrease in Q brings the sharp increase in 
!0 being combined with the decrease in N. Thus the turbid ity of stannic oxide may decrease 
sharply with the coagulation of ncar 0.6 11m particles. On the other hand, Q still increases 
with silica when its near 0.6 ~tm particles coagulate, and the decrease in Q occurs with the 
coagulation of 2 11m particles which exist less than 6 % in silica samples used in the present 
work. Therefore, the decrease in N of 0.6 11m particles may be somewhat compensated by 
the increase of Q, and !0 may decrease gently with the coagulation. Thus, the turbidity of 
silica may decrease less sharply during the progress of coagulation. For this reason, 1: may 
change steeply with the change of £ 1 in the case of stannic oxide and may change gently in 
the case of silica. 
The discussion above implies that the turbidity of si lica is sensitive to the coagulation 
of small particles and that of stannic oxide is sensitive to the coagulation of larger particles. 
Thus the 1:-£1 relationship seems to be peculiar to each oxide. The same value of 1: for 
different oxides does not mean the same coagulation condition with each oxide. The value 
98 
of 1: itself varies depending of the definition of 1: (e.g. -r=I90 I !0 or -r=/0) and its measuring 
conditions (e.g. settling time). It seems, therefore, important to check whether the obtained 
result in the extended DLVO calculations, e.g. C1, D 1, etc. should change if another parameter 
is used as an indicator of coagulation. In order to answer this question, the settled amount 
of solid in the coagulation experiment has been chosen as the indicator, and the correlation 
between the settled amount and turbidity has been investigated. The result is shown in Fig. 
4. 14. Since the 29/400 of total solid (14.5 mg) in the 29 ml siphoning residue is not brought 
about by the settling, it was subtracted from the siphoning residue and was added to the solid 
recovered with the supernatant. As shown in Fig. 4. 14, the settled amount vs. turbidity can 
be regressed by 2nd order polynomials, which suggests that there is 1 to 1 relationship 
between the settled amount of solid and turbidity. 
Using these regression curves, all the turbidity data in Chapter 2 & 4 can be replaced 
by settled amount of solid. Then it is possible to assume hypothetical experiments where the 
degree of coagulation is expressed by the settled amount. Thus the -r-£1 of silica obtained 
by the classical DLVO theory (Fig. 2. 5) and that of stannic oxide (Fig. 4. 4) have been 
replaced with settled amount vs. £ 1 relationships as shown in Fig. 4. 15. One can sec the 
similarity between -r-£1 and settled amount vs. £ 1. As has been already shown, the 
magnitude of primary hydration force vvith silica has been determined so as to obtain a unique 
relationship between 1: and £ 1, and the magnitude of secondary hydration force with stannic 
oxide has been calculated by assuming that the -r-£1 relationship obtained at s0.02 M NaCl 
holds for ~0.2 M NaCI. The same procedures have been applied to the settled amount vs. £ 1. 
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Correlation between the settled amount of solid and turbidity (t). The settled 
amount is obtained with the coagulation experiment of 400 ml suspensions 
which contain 500 ppm solid by weight. The turbidity is obtained by the same 
method described earlier. 
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Settled amount of silica (a) and stannic oxide (b) plotted vs. energy barriers 
(£1) calculated using the classical DLVO theory. 
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Table 4. 5 Structural energy constants (C1, C1) of silica obtained from the settled amount 
vs. energy barrier (E1) relationship. 
D1 (nm) 
0.70 0.82 0.84 0.86 0.92 
cl (mJ/m2) 12.3 9.23 8.84 8.47 7.51 
C2 (mJ/ m2) 0.441 0.441 0.441 0.441 0.441 
Corr. Coeff. 0.9984 0.9986 0.9987 0.9987 0.9986 
-----------------------------------------------------------------------------------
Corr. Cocff." 0.9981 0.9989 0.9990 0.9990 0.9989 
£ 125=100 kT, D 2=3.0 nm *: cited from Table 2. 2 
In Table 4. 5, one can see that the best correlation is obtained at D 1=0.84-0.86 nm which is 
the same as shown in Table 2. 2, although the values of correlation coefficient are different 
from those in Table 2. 2. 
The same is the case with stannic oxide. The values of E1 for >0.2 M NaCI have been 
calculated using the settled amount vs. E1 relation, and the magnitude of secondary hydration 
force necessary to achieve each E1 have been estimated. The result is shown in Table 4. 6. 
Table 4. 6 
£ 2=-10 kT 
cl (mJ/m2) 
Comparison of structural energy constant (C1) of stannic oxide obtained from 
the settled amount vs. energy barrier and turbidity vs. energy barrier. The latter 
is shown in parentheses. 
NaCI (M) 
0.4 0.6 1.0 2.0 4.0 
pH 1 13.4(13.3) 14.4(14.3) 14.7(14.7) 14.8(14.9) 15.3(15.3) 
pH 1 11.4(11.4) 12.8(12.8) 13.7(13.7) 14.6(14.7) 15.3(15.4) 
pll 3-10 11.1(11.1) 12.1(12.3) 14.3(14.3) 
D 1=0.6 nm, C2=1.60 mJ/m
2
, D 2=2.2 nm ( ): cited from Table 4. 3 
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By comparing the figures in Table 4. 6, one can see that the result is almost the same in both 
calculations based on the settled amount and the turbidity. The small difference is attributed 
to the calculation error. 
As has been discussed above, the turbidity of suspensions correctly represents the 
degree of coagulation. Any parameters, as long as they have 1 to 1 relationship with the 
turbidity, can replace the turbidity and give the same result in the extended DLVO 
calculations. 
4. 6 Conclusion 
The analysis of coagulation data on stannic oxide suspensions suggests that there exists 
the secondary hydration force at NaCl concentrations ~0.2 M. The force increases with 
increasing NaCI concentration. It also increases with decreasing pH at the acidic side of 
i.e.p., while the force is not affected by pH at the alkaline side of i.c.p. The magnitudes of 
the secondary hydration force is larger with stannic oxide than with rutile at the same NaCI 
concentrations, the difference of which may be attributed to the amount of ions adsorbed on 
respect ive oxides. 
The differences between the primary and the secondary hydration forces can be 
explained by assuming that an inherent hydration layer exists on silica surface and does not 
exist on other oxides. The validity of this assumption seems to be supported by the opposite 
sequences of cation affinity with silica and other oxides. In order to explain the increase of 
the secondary hydration force at acidic pH, the concept of anion adsorption and its hydration 
arc introduced. 
Although T.-£1 curves obtained with silica and stannic oxide arc different each other, 
it can be explained by considering the complex behavior of light extinction, which is affected 
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by both refractive index and particle size. Therefore, the variation in T.-£1 curve docs not 
seem to spoil the reliability of turbidity as a measure of coagulation. A series of calculations 
of extended DLYO theory has been conducted using the settled amount of solid as an 
indicator of coagulation. The result of it has been confirmed as the same as that obtained 
earlier using the turbidity. 
lO.f 
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Chapter 5 Effects of alcohol and surfactant on the stability of suspensions 
5. 1 Objective of research 
It has been shown in the previous chapters that there exist two different hydration 
forces and that both of them are affected by the pH of suspensions. Since the hydration 
forces are supposed to depend on the surface hydration of oxides, a slight change of hydration 
state on the surfaces may greatly affect the hydration forces. It is well known that alcohols 
dehydrates the surface of hydrophilic colloids and promotes their coagulationC1). Many 
surface active agents adsorb on hydrophilic surfaces and change them into hydrophobic. It 
can be easily imagined that the hydration forces may decrease in both cases. 
It is the objective of this chapter to investigate the effect of alcohol and surfactant on 
the coagulation of silica and rutile. The results will be analyzed using the extended DLVO 
theory developed in the previous chapters. 
5. 2 Experimental 
The same precipitated silica and synthetic rutile as prepared in the previous chapters 
were used for t-potential and turbidity measurements. Reagent grade ethanol and 
dodecylamine-hydrochloride (DAH) were used without further purification to investigate the 
effect of each reagent on hydration force with silica and rutile. The turbidities of silica 
suspensions were measured using Brice-Phoenix DM2000 with the same treatment explained 
in Chapter 2, while the turbidities of rutile suspensions were measured using Monitek Model 
21 with the same procedures shown in Chapter 3. The t-potentials of rutile suspensions were 
measured by Pen Kern L1ser Zee 500 at 2x10-3 M NaCI, changing the concentration of DAH 
in the suspensions. The procedures oft-potential measurement were the same as explained 
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in Chapter 3. 
5. 3 Effect of ethanol on hydration forces 
The turbidities (t) of 300 ppm silica suspensions at pH 2.0 containing various amount 
of ethanol are shown in Fig. 5. 1. As has been expected, the turbidity decreases with 
increasing amount of ethanol in suspensions. Since the t-potential of silica is negligibly 
small at this pH, the decrease in turbidity is solely attributed to the decrease of primary 
hydration force. The magnitude of hydration force has been estimated based on the T.-£1 
relationship (£/5=100 kT) shown in Fig. 2. 8. Assuming that D1=0.84 nm, C2=0.441 mJ/m2 
and D2=3.0 nm, which arc the same as derived in Chapter 2, the magnitudes of C1 have been 
estimated, the results of which arc shown in Fig. 5. 2. It is shown that C1 decreases with 
increasing amount of ethanol. This decreases in hydration force can be explained that ethanol 
promotes the surface dehydration of silica and breaks the structure of water layer which is 
supposed to be responsible for the primary hydration force. 
A completely opposite result has been obtained with rutile suspensions. Fig. 5. 3 
shows the turbidity of 200 ppm rutile suspensions at the i.e.p. of rutile (pH 6.2). The 
turbidity increases with increasing amount of ethanol in the suspensions. An electrostatic 
interaction docs not exist at i.e.p. Even if the i.c.p. shifts due to the ethanol addition, the 
electrostatic interaction is still negligible at NaCl concentrations above 1 M owing to a double 
layer compression. Therefore, the increase in turbidity of rutile suspension is solely attributed 
to the increase of hydration force. The hydration force constant C1 has been estimated based 
on the T.-E 1 relationship shown in Fig. 3. 6 assuming that D 1=0.6 nm, C2=0.364 mJ/m
2 and 
D2=3.0 nm which is the same condition as has been used in Chapter 3. The results arc shown 
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dehydration by ethanol seems to be irrelevant to rutile. It has been reported that the addition 
of alcohols increase the adsorption of alkali metal and other cations from aqueous solutions 
on various oxide surfaces<2- 6>. It is, therefore, possible that the increased adsorption of Na~ 
on rutile surface increases the secondary hydration force. Since the increased adsorption of 
Na+ on the hydrated layer on silica surface is supposed to increase the opportunity of cation-
bridging, the decrease in primary hydration force with silica by ethanol addition may also be 
attributed to this increased Na+ adsorption. A problem with this explanation is that a slight 
increase in secondary hydration force with rutile is observed even at 0 M NaCI. Although 
it is possible to assume that even at 0 M NaCl, Na+ is brought about by the addition of NaOH 
for pH adjustment, there may be other unknown mechanisms in the effect of ethanol addition. 
5. 4 Effect of DAH on the stabil ity of rutile suspensions 
The t,-potentials of rutile suspensions are shown in Fig. 5. 5. From pH 3 to pH 7, 
there is almost no effect of DAH addition on t,-potcntials, which is easily understood 
considering that the DAH is a cation-type surfactant a~d docs not adsorb on a positively 
charged surface. At lxl0-4 M DAH, the potentials deviate from those of 0 M DAH at above 
pH 7, turn to positive at pH 9.7 and turn to negative again at above pH 10.3. Therefore, there 
observed three different i.e.p.'s with lxl0-4 M DAH. At Sxl0-4 M DAH, the potentials turn 
to positive at pH 7.7, being at the maximum near pH 9, and turn to negative again at pH 11. 
There arc also three i.e.p.'s. These complex behavior of t,-potential is attributed to the 
adsorption of positively charged DAH ions. 
The change of t,-potentials shown above also affects the turbidities of suspensions. 
Fig. 5. 6 shows the effect of DAH on the turbidities of 200 ppm rutile suspensions. At 





















Fig. 5. 5 
NaCI 2x1 Q-3 M 
DAH (M) 
0 0 
• 1 x1Q-4 
!:l 5x1Q-4 
4 6 8 10 12 
pH 
?;-potentials of synthesized rutile as a function of pH at 2xlo-3 M NaCI and 








Fig. 5. 6 





t:J. 5x1 0·4 
4 6 8 10 12 
pH 
Results of turbidity (t) measurements conducted with rutile as a function of pH 
at 2xl0-3 M NaCI and different DAH concentrations. 
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minimum value of 11 around pH 10 and slightly increase to 33 at pH 11. At 5xl0-4 M DAH, 
the turbidities deviate from that of 0 M DAH above pH 6.2 (i.e.p.), being at a minimum (32) 
around pH 8, then increase again and are at a maximum (150) between pH 9 and 10, and 
decrease again at above pH 10. It should be noted that since DAH precipitates in the 
solutions at above pH 10 and raises blank turbidities up to 10 (5x10-4 M at pH 11), the 
turbidity measurement at above pH 10 have been conducted adjusting base-zero to each DAH 
solution instead of pure conductivity water. Therefore, the turbidities shown in Fig. 5. 6 are 
the net contributions from Ti02 particles. 
As shown in Fig. 5. 6, the minimum turbidity observed with the presence of DAH 
(t=22) is considerably lower than that observed without DAH (t=70). However, this 
difference docs not seem to reflect the magnitudes of energy barriers (E1) in respective cases. 
In Chapter 3, the minimum turbidity 70 has been obtained at i.e.p. in 2xl0-4 - 1 M NaCI 
solutions, where it has been assumed E1s0. If this assumption is not valid and if E1 has a 
positive value corresponding to the turbidity 70 which is much larger than 22, there should 
be prima1y hydration force with rutile, because there is no electrostatic repulsion at i.c.p. Let 
assign a symbol E/0(>0) fo r E1 at turbidity 70. Although secondary hydration force arises 
at >2xl0-2 M NaCl, the primary hydration force should decrease by the same magnitude of 
that secondary hydration force to maintain the energy barrier to be E/0 at the i.c.p. in 2x10-4 
- 1 M NaCl solutions. This assumption, however, seems to be quite unnatural. As has been 
discussed in the previous chapter, the primary and secondary hydration forces arc mutually 
exclusive, judging from their development mechanisms. If the decrease in the primary 
hydration force due to cation-bridging is compensated by the increase in the secondary 
hydration force caused by cation adsorption in the case of rutile, it is difficult to understand 
why the same process docs not occur with silica. 
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A completely different explanation may be possible for the turbidity difference 
between 70 and 22. The difference may reflect how large the coagula grow and how stable 
it is under a given shearing force by agitation, which is affected by the magnitude of a 
binding force between particles. Since this binding force can be regarded as the resistance 
against re-dispersion, it may reflects the depth of primary energy minimum (see Fig. 1. 1), 
although it cannot be evaluated by the extended DLYO theory. At the same condition of 
E1s0, if DAH is assumed to supply extra binding force, it can explain the difference in 
turbidity. A similar phenomenon is observed when polymer is added to a suspension. As 
will be shown in Chapter 6, polyacrylamide reduce the turbidity of stannic oxide suspension 
down to OA while the minimum turbidity without the polymer is 5.5 at the i.e.p. of stannic 
oxide. The difference in turbidity may also be explained by the extra binding force of the 
polymer and a resultant difference in size distribution of coagula. 
For the reason above, the turbidity difference with rutile (70 and 22) has not been 
attributed to a difference in £ 1, and E1 has been assumed to be sO for turbidity 70 in the 
following discussion. 
By using the t-potential data in Fig. 5. 5, the classical DLYO calculation was 
conducted and the £ 1 values for each turbidity point were estimated. The relationship 
between turbidity (t:) and E1 thus obtained is shown in Fig. 5. 7. All the points of 0 M DAH 
and some points of lxl0-4 M and 5xl0-4 M DAH fit on one correlation curve. It suggests 
that the classical DLYO theory works well in calcu lating £ 1 for each turbidity point. 
However, some points of DAH solutions are placed below the curve, which suggest that there 
is an additional attraction not considered in the classical DLVO theory. As have been 
introduced in Chapter 1, there exists a hydrophobic attraction between surfactant-coated mica 
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However, the origin of hydrophobic attraction is not yet clear at this moment<l3- 14>. On the 
contrary, some points of 5xl0-4 Mare placed above the correlation curve which suooests that 
' ::::::;;. 
there is an additional repulsion similar to the hydration forces discussed in the previous 
chapters. 
Fig. 5. 8 exhibits the relation of additional forces and the range of pH. As has been 
shown, at 0 M OAH there is no additional force at pH 3-11 and the £ 1 can be described by 
the classical OLYO theory. At lx10-4 M DAH, the hydrophobic attraction (HA) appears 
between pH 8.7 and 11. At 5x10-4 M DAH, the hydrophobic attraction arises at pH 6.4-8.4 
and the additional repulsion (AR) appears above pH 10. This transition of forces may be 
explained as follows: at pH 3-6.2, as a rutile surface is charged positively, positively charged 
OAH ion (DAH+) docs not adsorb on the surface and, therefore, the rutile follows the 
classical DLYO theory. At above pH 6.2, DAH+ adsorbs on the negatively charged rutile 
surface and develops the hydrophobic attraction depending on its amount adsorbed. At 1xl0-4 
M DAH, it may require more negative surface charge for DAH+ to accumulate closely on the 
surface enough to develop the hydrophobic attraction, and therefore the pH range where the 
attraction becomes noticeable is more basic than that of 5xl0-4 M. At 5x10-4 M, due to its 
higher concentration, DAH+ can adsorb more in spite of the smaller negative surface charge, 
and develops the hydrophobic attraction at lower pH. When pH further increases, uncharged 
dodecylamine molecule adsorbs on the surface together with OAH+ <15- 16) and may shield the 
positive charge of adsorbed OAH+. Thus the positive t-potential starts to decrease at certain 
pH which differs depending on the initial DAH concentration. The neutral amine molecules 
arc supposed to adsorb on the hydrophobic group of DAH+ as in the case of micelle 
formation<17> and, therefore, turn their polar (hydrophilic) groups outwardly to the solution. 
This orientation of neutral amine reduce the hydrophobicity of the surface. For this reason, 
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the rutile with 5xl0-4 M DAH follows the classical DLVO theory at above pH 8.4. When 
the amount of adsorbed neutral amine molecules further increases, the surface may be 
coveredwith hydrophilic group of the neutral amine, and may induce the structure forming of 
water molecules which develop a hydration force (or repulsion). A stcric repulsion due to the 
adsorbed surfactant laycr<18) may contribute to the repulsion to some extent. 
The magnitudes of hydrophobic attraction have been estimated using the extended 
DLVO theory introduced in Chapter 2. The structural energy of hydrophobic attraction arc 
given by the following single exponential function: 
(5. 1] 
where a is the particle radius, C the pre-exponential parameter, D0 the decay length and H 
is the closest approach distance between two spheres. When V, takes a maximum £ 1 at 





= _ aelJI!Kexp( - lCH1) + aA 131 {_j_ 
2[ 1 + exp(-KH1) ] 12 H~ 
a 
--Cexp( - H1/D0 ) = 0. 2 
[5. 2) 
[5. 3] 
Eqs.[5. 2)-(5. 3) have four unknowns, i.e., C, D0 , £ 1 and H1. If two of these parameters arc 
given, the equations can be solved simultaneously to determine the rest of parameters. 
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The £ 1 values for turbidity 112 (at lx10-4 M DAH and pH 8.7) and 102 (at 5x10-4 
M DAH and pH 8.4) arc calculated using -c-£1 relationship of rutile shown in Fig. 3. 6. The 
E/s for the points which give turbidities less than 70, i.e. pH 8.9-11.0 at 1x10-4 M DAH and 
pH 6.4-8.2 at 5x10-4 M DAH, arc assumed to be zero. When the total energy (V
1
) is 
negative throughout all the surface separation (H), there is no method to estimate how 
negative it is from the coagulation phenomenon. Therefore, only the minimum possible values 
of hydrophobic attraction can be obtained for each turbidities less than 70. Among these 
points, the larger the ~-potential of the points, the larger the calculated hydration attraction 
to compensate the electrostatic repulsion. In this regard, the hydrophobic attraction is 
calculated to be the largest at pH 8.9 ~=--29.9 mY, -c=38) in 1x10-4 M DAH solution and 
at pH 8.2 ~=17.4 mY, -c=32) in 5x10-4 M DAH solution. Although at other pH's in 
respective DAH solutions, the minimum possible hydrophobic attractions arc smaller than 
those shown above due to the smaller ~-potentials, it is not clear whether the hydrophobic 
attractions are actually smaller. For turbidity points at pH 8.7 and 8.9 in 1xl0-4 M DAH, and 
at pH 8.2 and 8.4 in 5x10-4 M DAH, the hydrophobic attraction have been calculated 
assuming various decay lengths (D0 ), the results of which are shown in Table 5. 1. One can 
see that the hydrophobic attraction changes drastically with the small changes of pH. 
According to surface force measurements reported by researchers, the D0 values with 
alkyl-mono-amine layer adsorbed on mica from the solutions arc 1-3 nm<7- 12). The decay 
length is longer with layers formed by the Langmuir-Brodget deposition(! I · IJ, 19-20). For this 
reason D0 has been chosen as 1-3 nm. By comparing the C values in Table 5. 1 with the C1 
values of hydration repulsion in Table 3. 2, one can sec that the hydrophobic attraction is 
much stronger than the hydration force. In Fig. 5. 9, the hydration repulsion observed with 
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Table 5. 1 Structural energy parameter (C) of rutile in DAH solution. 
1x10-4 M DAH 
D0 (nm) 
1.0 2.0 3.0 
C (mJ/m2) pH 8.7 -1.23x104 -29.3 -4.10 
pH 8.9 -1.18x1012 -6.05x104 -244 
5x10-4 M DAH 
D0 (nm) 
1.0 2.0 3.0 
C (mJ/m2) pH 8.2 -8.45x107 -570 -11.6 
pH 8.4 -710 -5.81 -1.20 
rutile at 0.02-4.0 M NaCl and the hydrophobic attraction with D0 of 3 nm listed in Table 5. 
1 are plotted versus surface separation H. As has already been expected from Table 5. 1, the 
hydrophobic attractions are much larger in magnitude than hydration repulsions. 
The magnitudes of additional repulsions observed in 5x10-4 M DAH solution at above 
pH 10 have been estimated applying the same procedures described above. The results are 
shown in Table 5. 2. At pH 10 and 10.5, secondary minima (£2) are already as shallow as 
-2 kT without adding the longer decay length (D2), which is attributed to the electrostatic 
repulsion decaying with K-1=6.8 nm in 2xl0-3 M NaCI solution. Therefore, the additional 
repulsions for these two points have been expressed by a single exponential function with 
decay length 0.6 nm, which has been chosen to compare the repulsion with hydration 
repulsion. At pH 10.8, however, £ 2 is -35 kT without the second decay length D2 (C1=16.2, 
C2=0) due to an almost zero ~-potential. For this point, D2 of 3 nm is added to the function 
of the repulsion. Although the C1 at pH 10.8 is smaller than that of pH 10.5, the repulsion 
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of the additional repulsion is comparable to the hydration forces observed with rutile in NaCl 
solution shown in Table 3. 2. 
Table 5. 2 Parameters (C1, C2) of additional repulsion observed with rutile in 5x10-4M 
DAH at alkaline pH. The forces is expressed using the same decay lengths 
(D1=0.6 nm, D2=3.0 nm) as used in the hydration force. 
C1 (mJ/m2) C2(mJ/m2) 
pH 10.1 9.66 0 
pH 10.5 15.7 0 
pH 10.8 11.6 0.3~2 
(16.2) (0) 
5. 5 Conclusion 
The effect of alcohol on the hydration forces with silica and rutile suspensions have 
been investigated. The results shows that the primary hydration force with si lica decreases 
with the increasing amount of ethanol in the suspensions, which may suggest that ethanol 
dehydrates the si lica surface by adsorbing to silanol groups and breaking a water stn1cture on 
the surface. On the contrary, the increased amount of ethanol increases the secondary 
hydration force with rutile suspensions. This opposite result may be attributed to the effect 
of ethanol enhancing cation adsorption at the solid-l iquid interface. 
The effect of surfactant on the coagulation of rutile has also been studied. By adding 
DAII in the suspension, there has been observed a hydrophobic attraction between rutile 
particles. The magnitude of this attraction has been estimated using the extended DLYO 
theory and has been found that it is much larger than that of secondary hydration force 
observed with rutile at high NaCl concentrations. It has been also observed that an additional 
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repulsion arises at 5x10-4 M DAH at above pH 10, the magnitude of which is comparable to 
that of secondary hydration force observed with rutile. 
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Chapter 6 Selective coagulation of stannic oxide in mixed suspensions with silica 
6. 1 Objective of research 
The stabilities of oxides suspensions have been investigated in the previous chapters, 
and it has been shown that one must consider structural forces in order to predict the 
stabilities precisely. The knowledge of structural forces seems to be useful for many practical 
processes dealing fine particles. Selective coagulation is one of the examples, where it is 
important to prevent the hetero-coagulation between different component particles. lt may 
be interesting to analyze the hetero-coagulation and to investigate the role of structural forces 
in the heterogeneous system. In this chapter, the stabilities of mixed suspension of silica and 
stannic oxide will be studied and the hydration force between silica and stannic oxide will be 
evaluated. 
Polymeric flocculants arc often used to promote the aggregation of particles. In th is 
case, the aggregation is generally referred to as flocculation. In the selective coagulation of 
stannic oxide, the usc of polymeric flocculants may be effective to enhance the flocculation 
of stannic oxide. Therefore, the modification of polyacrylamide was conducted and the effect 
of the modified polymer on the selective flocculation of stannic oxide in a mixed suspensions 
with silica was investigated. The results will be shown in the following sections. 
6. 2 Experimental 
6. 2 .1 Samples and chemicals 
Synthesized stannic oxide and silica samples prepared in the previous chapters were 
used for the experiment. Polyacrylamide (PAM) the commercial name of which was "Acco 
Floc N100S" was obtained from Mitsui Cyanamid Ltd. The nominal average molecular 
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weight of it was 1.3x107• and the content of carboxylate groups was less than 1 %. A 
reagent grade stilbazo was obtained from Tokyo Kasei Ltd. and was used for the modifier of 
the PAM. Partially hydrolyzed polyacrylamide were also obtained from Mitsui Cyanamid 
Ltd. The hydrolyzed percent of them were 2.5, 5, 10, 15, 20, and 30 %, respecti\·ely, and 
the average molecular weights were 1.6-1.9xl07. The chemical structures of PAM and 
stilbazo are shown in Fig. 6. 1. All the chemicals were used without further purification. 
6. 2. 2 Modification of polyacrylamide 
PAM reacts with formaldehyde under alkaline conditions to produce methylolated 
polyacrylamide<J). Phenol and formaldehyde normally condense to form polymers consisting 
of aromatic rings linked together mainly by methylene bridges<2). The reactions arc usually 
carried out in the presence of catalysts which can be either bases or acids. Attia attempted 
the condensation of glyoxal-bis-(2-hydroxyanil) (GBHA) and polyacrylamide using the 
reaction above and reported that 8 % of the amide groups were substituted by GBHA.(3-4). 
Since stilbazo also has phenol groups, it may react with polyacrylamide in the same manner. 
The modification of PAM was conducted with the conditions shown in Table 6. 1. 
Polymer Pl was obtained by heating 100 ml of 0.2 % aqueous PAM solution at pH 10.7 and 
75 °C for 30 minutes under reflux in a water bath. Polymer P2 was obtained by adding 0.1 
ml formalin (F; 37% formaldehyde solution) to 100 ml of 0.2 % PAM solution and heating 
the solution at pH 10.7 and 75 oc for 30 minutes under reflux. Polymer P3 was obtained by 
conducting the following 2-stage processes: 0.1 ml formalin was added to 50 ml of 0.4 % 
aqueous stilbazo (SB) solution and the pH was adjusted to 10.5. Then the solution was 
heated under reflux at 75 °C for 30 minutes in a water bath. After cooling, the solution was 




Fig. 6. 1 Chemical structures of polyacrylamide (PAM) and stilbazo (SB). 
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mixture was heated again at 75 °C for 30 minutes under reflux. All the products (Pl-P3) 
were obtained as 0.2 % polymer solutions and were used for coagulation experiments without 
further purification. 
Table 6. 1 Conditions of polymer modification. 
Conditions 
Chemicals pH temp. time 
Pl PAM 200 mg/100 ml 10.7 75 co 30 min 
P2 PAM 200 mg/100 ml + F 100 ~1 10.7 75 co 30 min 
P3 1st. SB 200 mg/50 ml + F 100 ~I 10.5 75 co 30 min 
2nd. product of 1st. stage 10.7 75 co 30 min 
+ PAM 200 mg/50 ml 
A part of the polymer P3 was taken for an ultrafiltration to separate the polymer with 
un-reacted low molecular components. A polysulfon membrane the molecular weight of 
which was 2xl05 was used as the filter. The P3 solution was washed with conductivity water 
until the filtrate solution did not show a color reaction peculiar to stilbazo<5). The yellowish-
brown polymer was obtained, the color of which was distinctively different from white color 
of original PAM. The aqueous solution of the polymer changed its color into deep red at pH 
10 and de\·eloped orange precipitates when mixed with stannic chloride solution at pH 5. 
Since this color reaction is inherent to stilbazo, it is supposed that the stilbazo was 
incorporated in the polymer structure without loosing the reacth·ity with Sn1+ ions. 
6. 2. 3 Coagulation experiment 
The turbidities of 300 ppm silica suspension and 200 ppm stannic oxide suspension 
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were measured with various amount of polymer addition using Brice-Phoenix DM2000 light 
scattering apparatus. The measuring procedures were the same as described in the previous 
chapters. 
The coagulation experiment of mixed suspensions of silica and stannic oxide was 
carried out with 400 ml suspension which contains silica and stannic oxide of 0.2 g (500 
ppm) each. A glass beaker of 75 mm diameter and 150 mm height was used for agitation and 
settling. The suspension was agitated by Teflon-coated magnet at about 200 rpm for 10 
minutes and was hold for 10 minutes for the settling of particles. The coagulation without 
using polymers was also studied, where the agitation time was extended to 30 minutes and 
the settling time was extended to 60 minutes. After the settling, the suspension was 
discharged by siphoning. The settled coagula and suspended particles in discharged 
suspension were recovered by filtration and successive drying at 105 °C. During each 
siphoning process, 29 ml suspension was remained at the bottom of the beaker and was 
recovered with settled coagula. The silica content in each recovered solid was obtained by 
a chemical analysis using the hydrofluoric acid and sulfuric acid. Since 99.5 % silica was 
volatilized during the heating in the mixed acid and none of stannic oxide was not volatilized, 
the weight loss of each recovered solid during the acid treatment was regarded as the silica 
content of the solid. 
6. 3 Analysis on the selective coagulation of stannic oxide 
6. 3. 1 Hydration force in hctero-coagulation system 
Fig. 6. 2 shows the turbidities of 300 ppm silica suspension and 200 ppm stannic oxide 
suspension at 2x10-3 M NaCl, which arc taken from Figs. 2. 3 and 4. 2. It is shown thnt 









Fig. 6. 2 
2x1Q·3 M NaCI 
4 6 8 10 12 
pH 
Turbidities ("t) of 300 ppm silica suspensions and 200 ppm stannic oxide 
suspensions at 2xl0-3 M NaCJ shown as a function of pH. 
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less than 4, the hetero-coagulation between silica and stannic oxide will occur in a mixed 
suspension, because the former has a negative charge and the latter has a positive charge. At 
above pH 4, however, there may be a pH range where the selective coagulation of stannic 
oxide is achieved. This has been confirmed by the following coagulation experiments. 
The coagulation experiments were conducted with 500 ppm single component 
suspension of silica and of stannic oxide at various NaCI concentrations and pH. At the same 
conditions, the experiments were conducted with mixed suspensions containing silica and 
stannic oxide by 500 ppm each. The results are shown in Table 6. 2. 
Table 6. 2 Results of coagulation experiments conducted with 500 ppm single component 
suspensions and 1:1 mixed suspensions (500 ppm each). 
Settled Sn02 (%) Settled Si02 (%) 
NaCl (M) pH single mixed single mixed 
2x10-3 10.0 3.4 3.6 0.4 1.9 
4.7 45.1 36.4 0.8 2.-l 
4.5 61.0 50.7 0.9 4.2 
4.1 72.0 53.2 1.2 30.6 
2xl0-2 9.0 5.0 5.0 0.4 1.9 
5.0 62.2 51.5 1.8 11.9 
2x10-1 9.0 72.0 52.8 2.2 10.8 
5.0 71.8 52.4 3.6 14.2 
The 29/-WO of total solid (15 mg each for silica and stannic oxide) are initially 
contained in the 29 ml residual suspension and recovered with coagula. In an ideal separation 
process, this part of solid could be recovered with the supernatant suspension. The figures 
in Table 6. 2 arc corrected by subtracting this amount of solid from the siphoning residue and 
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adding it to the siphoned suspension. As shown in the table, stannic oxide selectively 
coagulates at 2x10-3 M l\aCI in the pH range 4.5--L7, where an electrostatic repulsion is 
small enough for the coagulation of stannic oxide and is large enough to prevent a hetero-
coagulation between stannic oxide and silica. It is also shown that the hetero-coagulation 
occurs at pH 4.1 in 2x10-3 M NaCl solution, at pH 5.0 in 2x10-2 M, and at pH 5.0 and 9.0 
in 2xlo-t M, where silica settles considerably more in mixed suspensions than in single 
suspensions. 
In the previous chapters, it has been shown that there is a considerable hydration force 
with silica at 2xl0-3 to 2x1o-t M NaCI. The hydration force is not noticeable with stannic 
oxide at NaCI concentrations less than 2xl0-1 M. At 2x10-1 M NaCI, the hydration force 
exists at pH 1 and 2, howe\·er it is not certain whether the hydration force exists at abO\'e pH 
3. There may be a hydration force which is not large enough to raise the energy barriers 
above zero. It is interesting to check whether a hydration force exist between silica and 
stannic oxide at the conditions shown in Table 6. 2. 
The interaction energies between silica and stannic oxide can be calculated using the 
hctcro-coagulation model of DLVO theory proposed by Hogg et al<6). According to the 
model, the electrostatic energy (Ve) between two spheres is expressed as: 
[6. 1] 
where E is the dielectric constant of medium, a 1 and a2 arc the radii of particle 1 and 2, 1j,bl 
and 1j102 arc their Stern potentials, K is Debyc parameter, and H is the closest separation 
distance between the particles. The London-van der Waals energy (Vd) is given as: 
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[6. 2) 
where .-1 132 is the Hamaker constant between solid 1 and 2 surrounded in the medium 3, and 
is given approximately by the following equation: 
[6. 3) 
where A;; (i=l, 2, 3) is the Hamaker constant of each substance in vacuum. 
Using the classical DLYO theory (V, = Ve + Vd), the energy barrier (£1) between silica 
and stannic oxide particles have been calculated for each condition listed in Table 6. 2. The 
results are shown in Fig. 6. 3. The % settled Si02 in the vertical axis of Fig. 6. 3 represents 
the settled percent in mixed suspension minus that in single component suspension, which 
may reflect the net amount of Si02 settled by hctero-coagulation with stannic oxide. One 
can find the similarity between Fig. 6. 3 and -r.-£1 relations discussed in the previous chapters. 
The data at 2x10-1 M arc not shown in Fig. 6. 3, because the £ 1 values arc negative 
according to the classical DLYO theory. However, the percent settled at pH 5.0 and 2x10-1 
M is 10.6 % (14.2 %-3.6 %) and is considerably lower than that of 29.4 % (30.6 %-1.2 
%) at pH 4.1 and 2x10-3 M where £ 1 is 0.4 kT. Considering that there is a unique 
correlation between T. and £ 1 with homo-coagulation of silica and stannic oxide, and that T. 
is related to the settled amount of solid, there may be an unique correlation between the 
settled amount of Si02 and the £ 1 of hetero-coagulation of silica with stannic oxide. 
Therefore, at pH 5.0 and 2xl0-1 M where the settled amount is 10.6 %, the magnitude of 
energy barrier may be comparable to 51 kT which is calculated for the data point at pH 5.0 
and 2x10-2 M, where 10.1 % of silica is supposed to settle by the hetero-coagulation with 
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Fig. 6. 3 Relationship between the settled amount of silica and the energy barrier (£1) 
of hctero-coagulation calculated using the classical DLVO theory. The percent 
settled Si02 is obtained by subtracting the percent settled in single component 
suspension from that in mixed suspension the both of which arc shown in Table 
6. 2 . The data at 2x10-1 M NaCI arc not shown because of negative £ 1. 
137 
to the small number of data points, it is possible to estimate the value of £ 1 corresponding 
to each settled Si02 percent. 
The values of £ 1 at 2xl0 
1 M NaCI arc thus calculated to be 50 kT at pH 9.0 (8.6 % 
net settled) and 54 kT at pH 5.0 (10.6 % net settled). In order to raise the energy barrier to 
these values, V5 should be added to the ~' where ~ is expressed by substituting the radius 
parameter a I 2 in Eq. [2. 5] with a 1 a2 I (a 1 + a2). lf it is assumed that D 1=0.84 nm and 
D2=3 nm, the rest of parameters can be calculated for different values of £ 2. The results arc 
shown in Table 6. 3. One can see that the parameters in the case of - 5 kT, £ 2 arc 
comparable to those obtained with silica at 2x10-3-2x10- 1 M NaCI, i.e. C1=8.84 mJ1m
2
, 
Table 6. 3 Possible parameters of structural energy with hetero-coagulation of silica and 
stannic oxide at 2x10-1 M NaCl. 
cl (mJ/m~ D1 (nm) c 2 (mJim2) D2 (nm) 
£ 2=-3 kT pH 5.0 2.78 0.84 1.09 3.0 
pH 9.0 1.79 0.84 1.09 3.0 
£ 2=-5 kT pH 5.0 8.28 0.84 0.519 3.0 
pH 9.0 7.12 0.84 0.519 3.0 
The discussion above clearly shows that there is a hydration force between silica and 
stannic oxide at 2x10-1 M NaCI. At NaCl concentrations less than 2x10- 1 M, the hctcro-
coagulation of silica and stannic oxide seems to be well correlated with the energy barriers 
(E 1) calculated using the classical DLVO theory. If it is assumed that there also exists the 
hydration force at less than 2x10- 1 M NaCI, the E/ s for the data at 2xl0-2 M arc raised 
considerably due to the contributions from the hydration force, while the £ 1 at 2xl0 
3 M docs 
not change largely. As the results, the £ 1 at 2xl0-
2 M and pH 5, where 10.1 % silica is 
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supposed to settle by hetero-congulation, becomes larger than that at 2xl0-3 M and pH 4.7, 
where only 1.6 % silica is supposed to settle by hetero-coagulation. Since the distance at 
the energy barrier located (H1) is smaller at 2xl0-2 M due to the double layer compression, 
the barrier is sensitive to the additional hydration force with short decay length. On the other 
hand, the barrier at 2:\10-3 M is located further and is not affected largely by the short range 
repulsion. A example of this situation is shown in Fig. 6. 4. lt seems, therefore, to be 
reasonable to conclude that the hydration force docs not exist with the hetcro-coagulation 
system at NaCI concentrations less than 2xl0-1 M. 
In dilute NaCl solutions, silica is supposed to develop the structure of water, while 
stannic oxide docs not. In this condition, the hydration force may not be large enough to 
affect the energy barrier, and the magnitude of the barrier can be calculated by the classical 
DLVO theory. When NaCl concentration increases and stannic oxide develops the structure 
of water by the adsorption of ions, the hydration force becomes noticeable between silica and 
stannic oxide. 
6. 3. 2 Effect of polymers on the selective flocculation of stannic oxide 
The effect of polymers on the flocculation of stannic oxide is shown in Fig. 6. 5. The 
turbidity (t:) was measured at 2x10-3 M NaCI and pH 5.7. Polymer Pl and P2 show almost 
the same turbidities as unmodified PAM up to 0.6 ppm. Above this concentration, the 
turbidity increases with increasing amount of added Pl or P2, while it remains at the 
minimum when PAM is used. Polymer P3 shows the highest turbidity for all concentrations 
but 0.2 ppm, and the turbidity also increases above 0.6 ppm polymer concentration. It can 
be said that the flocculat ion of stannic oxide with the addition of polymer decreases in the 
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Effect of polymers on the turbidity (t) of 300 ppm silica suspensions at 2xl0-3 
M NaCl and pH 5.4. 
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silica. The turbidities were measure~ at ~xl0-3 M i\aCl and pH 5.-l. ll is shown that PAM 
flocculates silica considerably, while P3 docs not at all. The order of polymer effect on the 
flocculation is the same as in stannic oxide, i.e. PAM > Pl > P2 > P3. 
Griot and Kitchener(7) suggests that the adsorption of polyacrylamide onto silica is 
attributed to the hydrogen bonding between amide groups in the polymer and silanol groups 
on silica surface. The order of polymer effect observed above may be related to the decrease 
of amide groups. As shown in Fig. G. 7, a part of amide groups arc supposed to change into 
carboxylate groups during the modification process for Pl. The dissociated carboxylate 
groups carrying negative charges may reduce the opportunity for the polymer to adsorb on 
negatively charged silica and stannic oxide. In the case of polymer P~, the amide groups may 
be further reduced through the methylolation by formaldehyde. The dissociation of sulfonate 
groups in stilbazo incorporated with polymer P3 may further increase the negative charge of 
polymer and, hence, an electrostatic repulsion against silica. Since the negative s-potcntial 
of stannic oxide is not large, its flocculation may not be interfered as much as silica. The 
affinity of stilbazo group toward a tin atom may contribute to the adsorption of P3 on stannic 
oxide to some extent. However, the contribution is not enough to compensate for the 
electrostatic repulsion completely. 
Fig. G. 8 exhibits the turbidities of silica and stannic oxide suspensions at 2xl0-3 M 
NaCl when polyacrylamide hydrolyzed in various degrees arc added to the suspensions. The 
pH of silica suspension was adjusted to pH 5.4, while that of stannic oxide pH 5.7. Two 
different polymer concentrations, 0.1 ppm and 0.4 ppm, were studied. It is shown that the 
turbidity increases with increased percent of hydrolysis with both silica and stannic oxide 
suspensions. This result may support the discussion above that the increased negative charge 
in polymer reduces the polymer adsorption and reduces the flocculation of particles. It should 
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Assumed structures of polyacrylamide in its modification process: (a) 









Fig. 6. 8 
-l:r- Si 0.1 ppm 
• Si 0.4 ppm 
--o- Sn 0.1 ppm 
• Sn 0.4 ppm 
0 10 20 30 
o/o -Hydrolyzed 
The effect of polyacrylamide hydrolyzed in \'arious degrees on the turbidity ('r) 
of 300 ppm silica and 200 ppm stannic oxide suspensions at 2xl0 3 M NaCI. 
The pH is adjusted to pH 5.4 with silica and pH 5.7 with stannic oxide. 
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be noted, howe,·er, that the partial hydrolysis of polyacrylamide is generally regarded as a 
favorable factor to polymer adsorption and the bridging of particles<8>. The increased 
flocculation by the hydrolyzed polymers may be observed with the particle of low negative 
charge or of positive charge. 
The amount of formaldehyde and heating time in the modification process for P2 were 
varied in order to investigate the effect of methylolation on the flocculation of oxides. The 
results are shown in Fig. 6. 9. The lateral axis represents the ratio of formaldehyde to 
acrylamide monomer. 0.1 ml formalin to 0.2 g PAM in the modification process for P2 
corresponds to the ratio of 0.44. The polymer concentration in the suspension is 0.6 ppm, and 
the NaCl concentration and pH of each suspension arc the same as before. It is shown that 
the turbidity increases with increased amount of formaldehyde in both cases of silica and 
stannic oxide. The turbidity also increases with the extended heating time in the polymer 
modification. It may be explained that the increased amount of formaldehyde and increased 
heating time bring about the extended methylolation of amide groups, and, hence, reduce the 
number of amide groups which are the active site of polymer for its adsorption. 
In addition to the electrostatic interaction and the methylolation of amide groups 
mentioned above, the change of polymer conformation may affect the adsorption of polymers 
onto oxide surfaces. The negatively charged groups introduced to polyacrylamide may 
promote the "coiling" of the polymer molecule due to the attraction with amidium groups (-
CONH/) when the number of incorporated group is not l:"trgc<9>. It is also possible that the 
formaldehyde connect two amide groups with methylene bridge and promote the coiling of 
polymer. Thus the poor conformation of polymer may occur at the same time in the 




















The effect of added formaldehyde and heating time in the modification of 
polyacrylamide on the turbidity (t) of 300 ppm silica and 200 ppm stannic 
oxide suspensions at 2xl0-3 M NaCI. The pH of silica suspension is pH 5.4, 
while that of stannic oxide pH 5.7. The added polymer is 0.6 ppm. 
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The effect of polymer on the flocculation of silica and stannic oxide has been studict.l 
with various pH, the results of which arc shown in Fig. 6. 10. The concentration of PAM and 
P3 added to the suspension are 0..+ ppm. When P3 is used, stannic oxide flocculates between 
pH 5.5 and 6, while silica does not flocculate at the same pH range. It suggests that the 
selective flocculation of stannic oxide is possible in mixed suspensions with silica, if a 
hetero-flocculation is prevented by carefully controlling the pH of suspension. In the case 
of PAM, however, the selective flocculation cannot be achieved, because PAM flocculates 
both stannic oxide and silica irrespective of pH. Fig. 6. 10 also suggests that the adsorption 
of P3 onto stannic oxide is largely affected by the electrostatic interaction between them, and 
that the selecti\·e flocculation is possible only when the zeta potential of stannic oxide is not 
large and that of silica is large enough to prevent the polymer adsorption. 
Table 6. 4 represents the results of flocculation experiment using the polymer P3 and 
mixed suspensions which contain stannic oxide and silica 500 ppm each. The added polymer 
concentration is 0.6 ppm. The bottom column of the table shows the settling of dispersed 
particles when the polymer is not added. The best result of selective coagulation without 
using the polymer, as shown in Table 6. 2, is obtained at pll 4.5 and :2x10-3 M NaCI, where 
settled Sn02 is 50.7 % and Sn02 grade in the coagula is 92.3 %. Considering that a 
comparable result can be obtained at pH 5.8 using the polymer in spite of the reduced 
agitation time (1/3) and settling time (1/6), it is clear that the polymer enhances the 
flocculation of stannic oxide. It is also shown in Table 6. 4 that the flocculation of both silica 
and stannic oxide decreases with increasing pH. 
Table 6. 5 shows the influence of the mixing ratio of silica to stannic oxide on the 
selective flocculation of stannic oxide. The concentration of silica is varied from 500 ppm 





















Effect of pH on the turbidity (t) of 300 ppm silica and 200 ppm stannic oxide 
suspensions at 2xl0-3 M NaCI when polymers arc added by 0.4 ppm. 
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side in each column represent the result of experiment conducted at pH 4.5 without adding 
the polymer, the figures at the right side show the results of experiment conducted at pH 5.7 
adding the polymer P3 by 0.6 ppm. It is shown that the increased ratio of silica in the 
suspensions deteriorates the selective coagulation (and flocculation) of stannic oxide. 
However, the decrease in the flocculation of stannic oxide is smaller when P3 is added to the 
mixed suspensions. It also exhibits that the polymer promotes the selective flocculation of 
stannic oxide. 
Table 6. 4 
Table 6. 5 
Selecti\'e flocculation of stannic oxide using the modified polymer P3 added 
by 0.6 ppm. 
pH Sn02 Sn02 
settled (%) grade(%) 
5.2 62.9 86.5 
5.5 60.4 89.5 
5.8 53.2 94.3 
6.1 19.8 94.3 
1o.o· 1.2 96.0 
*: without polymer 
Effect of the ratio of silica in the mixed suspensions on the selective 
flocculation of stannic oxide. Two cases when polymer is not used (no) and 
polymer P3 is used arc compared. 
Sn02 settled (%) Sn02 grade(%) 
Sn:Si no P3 no P3 
1:1 50.7 53.2 92.3 94.3 
1:2 12.5 42.4 82.8 89.8 
1:4 10.7 30.1 59.6 82.5 
1:9 8.1 22.3 36.2 67.4 
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6. -+ Conclusion 
The coagulation in mixed suspensions of silica and stannic oxide has been 
investigated. The result shows that there is a hydration force between silica and stannic oxide 
at 2x10-1 M NaCl. Less than this NaCI concentration, the hydration force docs not seem to 
exist between the silica and stannic oxide. However, the best selective coagulation of stannic 
oxide can be achieved at 2x10-3 M NaCl, where the hydration force exists only between silica 
particles and not between silica and stannic oxide. 
In order to promote the selective coagulation, polymeric flocculants have been added 
to the mixed suspensions and their effect have been investigated. Among the polymers, a 
polyacrylamide modified with formaldehyde and stilbazo has been most effective to promote 
the selective flocculation of stannic oxide. In all the modification processes of 
polyacrylamide studied in this work, the ability of the polyacrylamide to flocculate the 
particles decreases for both silica and stannic oxide. The decrease may be attributed to that 
the amide groups of polyacrylamide decrease in the modification processes though their 
hydrolysis or methylolation. While polyacrylamidcs simply hydrolyzed or methylolatcd in 
different degrees lose the flocculating ability for stannic oxide as well as silica, the 
polyacrylamide modified with stilbazo can still flocculate stannic oxide. The affinity of 
stilbazo toward tin atom may help the adsorption of the polymer on stannic oxide to some 
extent. 
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Chapter 7 Conclusion 
In many industrial processes, it is important to predict the stability of fine particle 
suspensions. Since the development of the DLVO theory, which is the first theoretical 
approach to the prediction of the stability, it has been believed that the stability of most 
suspensions can be explained by the DLVO theory. However, the direct force measurement 
between mica sheets in aqueous solutions revealed that there was a non-DLVO force, which 
made it necessary to reconstruct the theory describing colloidal systems. 
Due to the difficulties in sample preparation, the application of direct force 
measurement has been limited to mica and glass. For this reason, it has not been clear 
whether the non-DLVO force is peculiar to the mica and glass or it commonly exists with 
many solids. It is, therefore, the objective of this work to present a method of evaluating the 
non-DLVO force from a coagulation experiment which is basically applicable to any solids, 
and to confirm the existence of non-DLYO force with various oxides. 
In the first chapter of this paper, the historical review of the theoretical treatment for 
the stability of colloidal suspensions was made and the evidences in which the classical 
DLVO theory failed were shown. As one of the practical approaches to the reconstruction 
of theory which can describe any colloidal systems, the idea of structural energy and the 
extended DLYO theory were introduced. The necessity of experimental determination of 
structural energy and the expected contributions from the present work to such determination 
were also explained. 
In the second chapter, it was shown that the aqueous suspension of si lica was stable 
at low pH where the electrostatic repulsion was negligible due to the very small zeta-
potentials. The anomalous stability was attributed to the primary hydration force which might 
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arise from the surface hydration of silica. A method of evaluating the hydration force was 
presented. It is based on the assurned 1:1 relationship between the turbidity of suspension 
and the energy barrier controlling the coagulation of particles, and on a series of calculations 
to determine the parameters of structural energy. It was shown that the primary hydration 
force was at a maximum in suspensions with dilute NaCl concentrations and decreased with 
increasing NaCl concentration. 
The coagulation of rutile m its aqueous suspensions was investigated in the third 
chapter, in which it was found that rutile did not coagulate completely even at its isoelcctric 
point when NaCl concentration in the suspension was above 1 M. Since there was no 
electrostatic repulsion at the isoelectric points, the incomplete coagulation was attributed to 
the existence of a repulsive hydration force. A series of calculations showed that the 
hydration force was noticeable at 2x10-2 M NaCl and increases with increasing NaCl 
concentration. This was similar to the hydration force first observed with mica by surface 
force measurements and was the opposite of what was observed with si lica as shown in the 
second chapter. It was considered that the adsorption of hydrated ions on rutile surface and 
successive structure formation of water molecules at the interface might be responsible for 
the hydration force. ln this regard, the force was classified as the secondary hydration force. 
The coagulation of stannic oxide in its aqueous suspensions was studied in the forth 
chapter. As was the case with rutile, stannic oxide showed an anomalous stability at its 
isoelcctric point when NaCl concentration in the suspension was above 1 M. It was found 
that the secondary hydration force was noticeable at 2xl0-1 M NaCI and increased with 
increasing NaCl concentration. The mechanisms of the primary and the secondary hydration 
forces were also discussed in this chapter. lt was postulated that the silica surface was 
originally hydrated in water and developed the structure of water molecules at the interface, 
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while the surfaces of rutile and stannic oxide were not strongly hydrated as silica and formed 
the water structure with the help of adsorbed hydrated ions. The difference in the effective 
ion radii of Si4+, Ti4 .. and Sn4+, and the difference in the order of specific adsorption of 
alkaline metal cations were referred to as the evidences which indirectly support this 
assumption. The fact that the same electrolyte decreases the primary hydration force with 
silica and increases the secondary hydration force with rutile and stannic oxide made it 
difficult to accept Allen and Matijevic's idea of destruction of water layer by adsorbing 
cations. For this reason, Her's concept of cation-bridging was introduced to explain the 
decrease of the primary hydration force. It was also pointed out that the secondary hydration 
force was stronger at acidic side of isoelectric point with both rutile and stannic oxide at high 
NaCI concentrations, which might suggest that hydrated anions also contribute to the 
secondary hydration force in addition to cations. The reliability of turbidity as a measure of 
coagulation was examined in this chapter. The different behavior of turbidity between silica 
and stannic oxide was explained by considering the complex nature of light extinct ion as to 
refractive index and particle size. It was shown that the turbidity could be replaced by the 
settled amount of solid, and it was confim1ed that the extended DLVO calculation based on 
the settled amount ga,·e the same result as that obtained earlier using the turbidity. 
In the fifth chapter, the effect of ethanol on the hydration forces with silica and rutile 
was investigated. The results showed that the ethanol decreased the primary hydration force 
with silica, while it increased the secondary hydration force with rutile. It was considered 
that the decrease in the primary hydration force could be attributed to the dehydration of the 
si lica surface by ethanol, whi le the increase of the secondary hydration force might be 
attributed to the increased cation adsorption enhanced by the presence of ethanol. The effect 
of dodecylamine-hydrochloride (DAH) on the stability of rutile suspension was also studied 
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in this chapter. It was found that the hydrophobic attraction was observed \Vith rutile at 
alkaline pH where the increased amount of adsorbed DAH ions brought about the charoe 
'-" :::> 
reversal of the zeta-potential of rutile. The magnitude of hydrophobic attraction was found 
to be considerably larger than that of the repulsive hydration force observed with rutile, which 
was the same as what had been reported in the direct force measurements conducted with 
hydrophobized mica. 
As one of the applications of the knowledge on the stability of aqueous oxide 
suspensions, the selective coagulation of stannic oxide in mixed suspensions with sil ica was 
chosen and was investigated in the sixth chapter. It was found that the selective coagulation 
of stannic oxide could be achieved at pH 4.5--L7 and 2x10-3 M NaCI, where silica particles 
were dispersed due to the large electrostatic repulsion and the contributions from primary 
hydration force, while stannic oxide particles coagulated because of the small electrostatic 
repulsion and the lack of the secondary hydration force due to the low NaCl concentration. 
At this condition, the hctcro-coagulation arc supposed to be prevented by the electrostatic 
repulsion between silica and stannic oxide. The hydration force berwecn silica and stannic 
oxide was observed at 2x1 o-1 M NaCl, the magnitude of which was comparable to the 
primary hydration force with silica. The effect of polymer on the selective coagulation was 
also studied in this chapter. Polyacrylamide was modified in various manners and added to 
the mixed suspensions. It was found that the decrease of amide group achieved by the their 
hydrolysis or methylolation reduced the ability of the polymer to flocculate both silica and 
stannic oxide. A polyacrylamide modified with the presence of stilbazo was found to be 
effective for the selective flocculation of stannic oxide, which was attributed to the sclecti\·e 
adsorption of the polymer on stannic oxide surfaces. 
The present work has shown that there exist hydration forces with silica, rutile and 
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stannic oxide in addition to mica and glass. It is possible that hydration forces commonly 
exist with most oxides. The hydration forces can be C\'aluated by analyzing the coagulation 
of particles, but it means, on the other hand, that the coagulation is greatly affected by the 
hydration forces. It is, therefore, important to usc the extended DLYO theory for predicting 
the stability of aqueous oxide suspensions. 
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